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Advanced Steels 2014 Workshop is intended to be an open dialogue to discuss the potential 
and plausibility of new alloy and processing strategies that are currently being explored in 
the modern steel industry. In addition, fundamental investigation on advanced and complex 
steel structures will shed novel light on the applicability of theory, modeling and advanced 
techniques on the design of these kinds of materials. 
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Dr. Ulrich Prahl 
IEHK at RWTH Aachen University, Germany 
 
2002: PhD in Engineering Sciences at RWTH Aachen University in the area of 
damage prediction of pipeline steels. This work has been performed in the 
framework of the joined program “Integrative Material Modelling” which aimed the 
development of material models on various length scales;  
Since 2002: heading the scientific working group “Materials Simulation” at IEHK;  
Since 2006: coordinator in the AixViPMaP (Aachen – Virtual Platform for Materials 
and Processes) project on the development of a modular integrative platform for the 
modelling of material processes on various length scales along the entire process 
chain;  
Publication /co-publication of more than 70 scientific articles and book contributions 
in the area of Integrated Computational Material Engineering (ICME) 
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Phase field modelling of bainitic transformation in 100Cr6 
W. Song, W. Bleck, U. Prahl 
Bainite structure is of considerable importance in the design of high strength steels 
due to its excellent balance of strength and toughness. However, it still remains the 
least clearly understood among all austenite decomposition reactions. This paper 
combines simulation approaches at different length scales following the philosophy 
of Integrated Computational Materials Engineering (ICME) in order to improve the 
scientific analysis of this solid phase transformation with combined chemical-diffusive 
and mechanical contribution. 
Modeling of cementite precipitation during bainitic phase transformation in a high 
carbon bearing steel 100Cr6 was performed based on the multi-phase field approach 
using the commercial phase field code MICRESS®. Two precipitations mechanisms, 
namely bainitic ferrite and θ carbide (cementite), were considered to follow faceted 
growth modes in the simulation. In the model carbon diffusion as well as the γ/αB, 
αB/θ interface mobilities were considered during bainitic phase transformation. On 
the basis of previous Atom Probe Tomography measured data, the carbon 
concentration within the bainitic ferrite is generated to be used as input value to the 
model.  
The simulations can describe the bainitic microstructure evolution of lower bainite 
isothermally-transformed at 260 °C being visualized in two dimensions. The 
predicted microstructure evolution and transformation kinetics by phase-field 
modeling were compared against SEM, TEM and dilatometry experimental results. 
The experimental and phase-field simulated results show good agreement. 
 
Fig. 1: Phase fraction and microstructure evolution in 100Cr6 during isothermal 
bainitic transformation at 260 °C; comparison of experimental and simulated results. 
Institut für Eisenhüttenkunde 
Department of Ferrous Metallurgy 
Phase field modelling  
of bainitic transformation in 100Cr6 
 
Wenwen Song, Wolfgang Bleck, Ulrich Prahl  
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Introduction and motivation 
Mechanical properties 
• High tensile strength (>2 GPa) 
• High hardness (>700 HV) 
• Fatigue strength 
• Wear resistance 
• Ductility 
• Toughness 
• …… 
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  C Mn Si Cr Mo P S Ni Al Cu Co 
wt.% 0.967 0.232 0.303 1.38 0.0172 0.0027 <0.001 0.0724 0.0263 0.0471 0.0124 
at.% 4.325 0.227 0.58 1.426 0.0096 0.0047 0.0017 0.0663 0.0524 0.0398 0.0113 
Chemical composition  
of the investigated steel 100Cr6 
Traditional description of bainite structure 
TEM micrographs of 100Cr6 steel. αB: ferrite, θ: cementite and GB: grain boundary 
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(a) lower bainite 
at 260 °C for 2500 s 
(b) upper bainite  
at 500 °C for 1200 s 
Bainitic microstructure characterization 4 
Description of microstructural morphological features in bainite: 
• A  = martensitic area 
• B = needle-like or lath-like secondary phase 
• C = granular secondary phase 
• D = M/A constituent of secondary phase 
• E = planar ferrite 
• F = lath-like ferrite 
“Bainite chart”  at IEHK and precipitates in 100Cr6 
Retained  austenite ε-carbide Fe3C Martensite 
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Research approaches 
 TEM Characterization 
Phase field simulation 
Atom Probe Tomography 
Ab initio calculation 
Experimental 
7 
Heat treatment cycle of the investigated 
steel 100Cr6. (ITT stands for Isothermal 
Transformation Temperature) 
 
• Specimens are φ3 mm×10 
mm. 
 
• TEM foils were prepared 
from the heat-treated 
specimen with a twin-jet 
electro polishing device. 
 
• APT specimens were cut 
from the heat-treated 
material and electro-
polished with standard 
electro-polishing methods. 
 
Spheroidized carbide & cementite in bainite 
C      
Cr 
Mn  
Si 
(Fe,Cr)3C / Fe3C 
boundary 
Fe3C/αB 
boundary 
 
 
Z zone 
(Fe,Cr)3C + Fe3C αB 
(Fe,Cr)3C + Fe3C 
~12nm Cr atoms map 
αB 
αB 
αB (Fe,Cr)3C      Fe3C 
(Fe,Cr)3C      Fe3C 
   (Fe,Cr)3C 
Fe3C                
  αB 
   (Fe,Cr)3C 
Fe3C                
  αB 
1-Dimensional concentration profile showing the 
distribution of C, Si, Cr, Mn  in undissolved spheroidized 
carbide (Fe,Cr)3C, newly formed cementite at 500 °C and 
bainitic ferrite matrix. 
 Cr exhibits a gradual 
chemical gradient from 
surface to the core in 
spheroidized carbides.  
 
 Si exhibits a large 
enrichment at the growth 
front of cementite, which 
hinders the coarsening of 
cementite particles. 
 
 The spheroidized carbide 
may exist as a nucleation site 
for the precipitation of 
cementite within bainite.  
 
 This microstructral feature 
might be benefit for wear 
resistance and fatigue 
properties of the material.  
Spheroidized carbide & cementite in bainite 
Carbide precipitation within bainite structure in 100Cr6 
Gibbs free reactions energies between ε Fe2.4C and 
cementite (Fe3C, θ) as a function of temperature in a 
ferritic and austenitic matrix. 
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ε and θ carbides in ferrite have almost identical thermodynamic stability. In austenite, however, 
cementite formation is clearly preferred. This indicates that ε carbide is more prone to 
precipitation from lower bainite than from upper bainite. 
θ and ε carbide precipitation in lower bainite in 100Cr6  
isothermally heat-treated at 260 °C for 2500 s. 
 
Atom Probe Tomography Ab initio calculation 
Phase-field simulation_MICRESS® 
Source : MICRESS Manual  11 
12 
Single Bainitic sheaf  
simulation by MICRESS® 
953k  
2.5μm  
30μm  
Initial Austenite grain size: 60 μm (average)  ;  Faceted growth 
13 
Phase-field simulated bainitic sheaves 
SEM characterized bainitic sheaves 
Single bainite sheaf  
simulation by MICRESS® 
Martensite 
Bainite  
14 
Single bainite sheaf  
simulation by MICRESS® 
Carbon profile of 40 vol. % transformed bainite sheaf in 100Cr6 during 260°C isothermal 
transformation simulated with phase-field software MICRESS®  
Carbon profile of selected area bainite 
sheaf tip 
Virtual EDX showing the carbon concentration  
along the EDX scanning line 
Phase field simulation 
 Kinetics calculations and microstructure evolution simulations 
15 
Phase-field simulated bainitic sheaves 
SEM observation of bainitic sheaves 
Phase field simulation 
Focus: the simulations of precipitations within lower bainite 
Simulation of bainite transformation in 100Cr6 
17 
Phase field simulation of isothermal bainitic transformation in 100Cr6 
Simulated microstructure evolution and carbon concentration 
evolution v.s. SEM experimental observation. 
 
Simulated transformation kinetics 
v.s.Dilotometry and SEM experimental data 
 
 Atom probe data input  
 
 Simulation of not only 
bainitic ferrite formation 
but also nano-sized carbide 
precipitation. 
Microstructure evolution 
Fig.. Predicted microstructure evolution in 100Cr6 during 
isothermal bainite transformation at 260 °C. Red represents 
austenite (γ), yellow bainitic ferrite (αB), and white cementite 
(θ). Interfaces are colourized in blue. The simulation reveals that 
finely dispersed cementite forms inside the lower bainite. 
 
Fig. TEM micrographs of investigated 100Cr6 
steel, heat treated at 850°C austenitization for 
300 s followed by isothermal bainite heat 
treatment at 260 °C for 500 s and a subsequent 
rapid cooling to room temperature. 
PF simu v.s. TEM  
Phase transformation kinetics 
 Simulated bainite transformation kinetics v.s experimentally observed 
bainite transformation kinetics measured by dilatometry for 100Cr6 steel 
during isothermal bainite formation at 260 °C. 
Carbon partitioning 
Carbon concentration evolution along 
a-b line showing the migrating 
interfaces and carbon redistribution 
behavior during bainitic ferrite 
thickening during bainite formation at 
260 °C in 100Cr6; ① indicates the γ/αB 
interface; ② and ③ indicate the αB/αB 
interfaces. 
 
Predicted microstructure and carbon 
concentration in the 100Cr6 steel during 
isothermal bainite formation at 260 °C for 
400 s.  
Conclusions and Outlooks 
 With the aid of atom probe detected concentration data input 
and para-equilibrium phase diagram calculation using Thermo-
Calc software, microstructure evolution and phase 
transformation kinetics during isothermal bainite formation is 
predicted by means of phase field (PF) simulation. 
 
 Phase field simulation is a helpful and promising tool to solve 
the diffusion problem in bainite transformation simulation.  
 
 In the future, to achieve a full image of bainite transformation 
simulation, the plasticity part will be included; the simulation 
of two-step bainite transformation and continuous bainite 
transformation will also be taken into consideration.  
 
 
 21 
Outlook – Two-step annealing 
Lower bainite:  
- aB subunits  
- carbides 
Upper bainite:  
- aB lamella 
- Cementites at GB 
Acknowledgments 
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          for your attention! 
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Dr. Maria J. Santofimia 
Department of Materials Science and 
Engineering, Delft University of Technology, 
The Netherlands 
 
Maria J. Santofimia holds a Physics degree from the University of Cordoba and is 
Doctor in Physics of Materials by the Complutense University of Madrid, both in 
Spain. Her PhD was developed under the supervision of Dr. F. G. Caballero and Dr. 
C. Garcia de Andres at the National Center for Metallurgical Research in Spain. 
Afterwards, she worked as postdoctoral researcher for the Materials innovation 
institute (M2i, The Netherlands) at the Delft University of Technology (TU Delft) and 
as Junior Researcher at the Madrid Institute for Advanced Studies of Materials 
(IMDEA-Materials) in Madrid.  Since October 1, 2012, she holds a position as 
assistant professor at the Department of Materials Science and Engineering at TU 
Delft and she is building up her own research group on the basis of three research 
scholarships:  the TU Delft Technology Fellowships for female scientists, the Dutch 
innovation research incentive Vidi and an ERC Starting Grant.  
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Q&P Theory 
M. J. Santofimia 
The process of carbon partitioning from martensite to austenite during annealing of 
partially quenched steel microstructures is a thermodynamically expected 
phenomenon, as indicated by Matas and Heheman in their article “Retained 
austenite and tempering of martensite”, published in Nature in 1960. More than 40 
years later, Speer and coworkers proposed to make use of this phenomenon to 
create steels with microstructures formed by carbon-depleted martensite and 
retained austenite through the so–called quenching and partitioning (or Q&P) 
process. Since then, investigations regarding the thermodynamics and kinetics 
behind the carbon partitioning from martensite to austenite have developed 
significantly. Most of these investigations cover aspects such as how to control the 
overlap between carbon partitioning and the formation of bainite and carbides 
through alloying elements and how to predict the microstructural evolution during the 
application of the Q&P process. But also fundamental questions have raised through 
these investigations, such as mechanisms controlling the movement of 
martensite/austenite interfaces and the “catalytic” effect of martensite on the 
nucleation of bainite. This presentation will address these fundamental questions, 
after an introduction on the microstructure development taking place in steels during 
the Q&P process  
 
Fig. 1: Scheme of a typical Q&P heat treatment together with an image obtained by 
electron backscatter diffraction showing a Q&P microstructure (adapted from Acta 
Mater. 59 (2011) 659). TM: tempered martensite; UM: untempered martensite; RA: 
retained austenite. 
 
Understanding the
Quenching & Partitioning Process
Maria J. Santofimia
Delft University of Technology
1
Outline
- Q&P Process
- Microstructures
- Control of the Quenching step
- Control of the Partitioning step
2
temperature
time
Quenching & Partitioning [John Speer et al., 2003]
A3
A1
Ms
/
/ + ’
/ + ’Q
P
ferrite
martensite
retained austenite
avoid 
carbide 
formation
3
Quenching & Partitioning
Final microstructure:
• (ferrite)
• retained austenite
•martensite tempered during partitioning
• fresh martensite from the final quench
4
Optimised composition of Q&P-steels can differ from TRIP-steels
• Avoid ferrite and pearlite formation during quenching
• Avoid carbide formation: Si
• Sufficient carbon concentration for austenite enrichment
• Unlike for TRIP-steels: avoid bainite formation
Simulated TTT-diagrams
bainite
ferrite
martensite
Q&P – chemistry
5
Q&P-microstructure
EBSD
Light: tempered 
martensite
Dark: untempered 
martensite
Red: austenite
Fe-0.204C–2.5Mn–1.47Ni–1.01Cr–1.50Si 
Q: 230ºC – P: 400ºC/100s
6Santofimia et al. Mater. Charact. 92 (2014) 91
Q&P-microstructure
Fe-0.204C–2.5Mn–1.47Ni–1.01Cr–1.50Si 
Q: 230ºC – P: 400ºC/100s
Collaboration with R. Petrov (U. Ghent)
7Santofimia et al. Mater. Charact. 92 (2014) 91
Q&P-microstructure
8Santofimia et al. Mater. Charact. 92 (2014) 91
Martensite fraction sensitive to control of quenching temperature
Quenching step
9Santofimia et al. Acta Mater. 59 (2011) 6059
Retained austenite as a function of quenching temperature
small -fraction 
after first quench
limited ’-fraction 
after first quench
Q&P – heat treatment parameters
10Santofimia et al. Acta Mater. 59 (2011) 6059
temperature
time
A3
A1
Ms
Q
P
Partitioning step:
martensite/austenite interaction
11
carbon content
G


α
C
γ
C
Carbon will diffuse 
from ’ to  with 
same concentration
…
Partitioning step:
12
G

α γ
C C 
carbon content
… until equal 
chemical potentials 
are reached 
Constrained Carbon Equilibrium
[Speer et al.]
Partitioning step:
13
Equilibrium
Carbon partitioning
Partitioning step:
14Santofimia et al. Acta Mater. 57 (2009) 4548
α γ
C C 
Fe
driving force 
for interface 
motion
Partitioning step:
15
Mobile interface: Δv M G
Partitioning step:
16Santofimia et al. Acta Mater. 57 (2009) 4548
0.20C-2.5Mn-1.5Ni-1.0Cr-1.5Si
Partitioning at 400ºC for 100 s
Partitioning step:
17Santofimia et al. Acta Mater. 59 (2011) 6059
Retained austenite as a function of partitioning parameters
increasing 
partitioning
bainite
formation
Q&P – heat treatment parameters
18Santofimia et al. MMTA 40A (2009) 46
Prior formation of martensite increase bainite kinetics
Fe-0.2C-2.5Mn-1.5Ni-1Cr-1Si (wt.%)Q&P – bainite overlap
19
=> Increase on the nucleation sites for bainite.
Santofimia et al. Int. Symp. On New Dev. in AHSS. 23‐26 June 
2013, Vail. Colo. USA. Ed.by AIST. 331. 
Last Remarks
21
- The process of carbon partitioning from martensite to 
austenite is a thermodynamically expected process that is 
optimized in Q&P steels in order to get metastable austenite at 
room temperature.
- Investigations regarding the microstructural evolution during 
Q&P process as well as the kinetics and thermodynamics 
behind are leading to new research questions in the field of 
steel science with enormous implications in current and future 
steel processing routes.
  
 
Dr. Victoria Yardley  
Ruhr-Universität Bochum, Germany 
 
Victoria Yardley obtained her Ph.D. from the University of Cambridge in 2003. She 
subsequently conducted postdoctoral research at CEA-Saclay in France and at 
Tohoku and Kumamoto Universities in Japan before taking up a position as a 
lecturer at the Ruhr-Universität Bochum in 2010. 
 
 
  
Orientation relationships and morphology in fcc-bct martensitic 
transformations: phenomenological theory and EBSD 
investigations 
V. Yardley 
Displacive transformations are important in many modern high strength steels 
because of the very fine martensitic or bainitic microstructures that they can 
introduce, as well as their role in the TRIP effect. The phenomenological theory of 
martensite transformation (PTMT) was developed in the 1950s to account for the 
observed features of the transformation and to predict the OR, habit plane and 
shape strain given the lattice parameters and an assumption of the deformation 
system. In the present work, the degree to which the morphological and 
crystallographic predictions of the PTMT can be verified using electron backscatter 
diffraction (EBSD) methods is investigated using a series of Fe1-xNix alloys in which 
a transition from lath-type to plate-type microstructure is seen with increasing Ni 
content.  
 
 
 
  
Fig. 1: Inverse pole figure EBSD image of (a) Fe75Ni25, showing a lath-type 
microstructure and (b) Fe67.5Ni32.5, showing a plate-type microstructure 
(a) (b) 
  
 
Prof. Elisabeth Aeby-Gautier 
CNRS, IJL UMR 7198, DAMAS Université de 
Lorraine Nancy, France 
 
 
Research Professor at CNRS, Thèse d’Etat en Sciences Physiques in 1985 on 
“Interactions between stresses and pearlitic and martensitic phase transformations” 
INPL.  
Research topics: Solid-solid phase transformations mainly in steels and titanium 
alloys. In situ characterization of the transformation kinetics with and without stress 
(dilatometry, electrical resistivity, in situ HEXRD) and characterization/analysis of the 
associated mechanical behaviour. Microstructures analysis by SEM, TEM..., 
considering the effect of the stresses on nucleation and growth. Modelling of 
transformation kinetics (coupling thermodynamic Calphad description and nucleation 
and growth laws (titanium alloys and aluminium alloys). Modelling of the mechanical 
behaviour during the phase transformation (analytical approaches) and Finite 
Element Modelling of transformation plasticity. 
 
  
Bainite/martensite transformations under stress 
E. Aeby-Gautier 
The transformation strains associated with the crystallographic change from FCC to 
BCC structures have a strong influence on the martensite and bainite 
transformations. Indeed those transformations involve volume and shear strains that 
influence i) the transformation kinetics via the local elastic and plastic strain fields 
induced by the transformation, ii) the product phase morphology (morphology of the 
plates, self-accommodating arrangements of plates) and iii) the dimensional 
behaviour. By applying an additional stress during the transformation, the 
transformation kinetics, the plate’s morphology and the dimensional behaviour are 
affected.  
The presentation will at first highlight the behaviour of the phases during the bainite 
and martensite transformations without applying an external stress. On the bases of 
in situ High Energy X-Ray Diffraction experiments, the behaviour of the phases will 
be discussed considering notably the development of stresses during the 
transformation. In a second step, the effect of an external applied stress on the 
transformation will be considered. The modifications of the transformation features 
will be recalled: change in the overall transformation kinetics, orientation/variant 
selection of the transformation product, and transformation plasticity at constant and 
increasing stresses. The effect of the stress as well as its level compared to the yield 
stress of the parent phase will be discussed. It will be shown that in addition to a 
favourable plate orientation, the stresses modify the laths/plates morphology, their 
orientation relationships signature of a modification of the accommodation 
mechanisms of the transformation strains. 
 
 
Fig. 1: Change in product phase morphology formed under stress. Top : Martensitic 
transformation under stress. Bottom : Bainitic transformation under stress. 
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Introduc/on	  
Applying	  a	  stress	  during	  martensite	  or	  bainite	  forma/on	  
leads	  to:	  
•  a	  modiﬁca/on	  of	  transforma/on	  kine/cs	  (i.e.	  Ms	  
increase,	  stress	  assisted	  or	  strain	  induced	  
transforma/on)	  
•  an	  addi/onal	  deforma/on	  in	  the	  direc/on	  of	  the	  
applied	  stress	  (even	  for	  stresses	  lower	  than	  the	  yield	  
stress	  i.e.	  transforma/on	  plas/city	  )	  
•  Morphologic	  changes	  of	  the	  transforma/on	  product	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Martensite 
 
60NiCrMo:	  wt%	  C	  0.51,	  Ni	  2.54,	  Cr	  0.41,	  Mo	  1.46,	  Mn	  0.65,	  
Si	  0.45	  bal	  Fe	  Ms	  230°C	  	  
Bainite 
 35	  MnV7:	  wt%	  C	  0.35,	  Mn	  1.83,	  Si	  0.26,	  Ni	  0.2,	  Cr	  0.2,	  Mo	  
0.06,	  Cu	  0.275,	  V	  0.12,	  bal	  Fe	  Ms	  310°C	  	  
Behaviour	  
Isothermal transformation at 350°C Transformation under cooling 
ColleUe	  PhD	  INPL	  1980	   Veaux	  Ph	  D	  INPL,	  2001	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  C	  0.35,	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  1.83,	  Si	  0.26,	  Ni	  0.2,	  Cr	  0.2,	  Mo	  
0.06,	  Cu	  0.275,	  V	  0.12,	  bal	  Fe	  Ms	  310°C	  	  
dMs/dσ = 0.06°C/MPa < 0.13°C/MPa  
  Patel Cohen 
S.	  Denis,	  E.	  GauZer	  et	  al	  Mat.	  Scien.	  and	  Tech,	  1985	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60NiCrMo:	  wt%	  C	  0.51,	  Ni	  2.54,	  Cr	  0.41,	  Mo	  1.46,	  Mn	  0.65,	  
Si	  0.45	  bal	  Fe	  Ms	  230°C	  	  
	  
Transformation under cooling 
M.	  VEAUX,	  et	  al	  Journal	  de	  Phys.	  IV	  (2001)	  pp	  181-­‐188.	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Results	  –	  kine/cs	  (in	  situ	  HEXRD)	  
Courtesy	  M.	  Dehmas,	  JC	  Hell	  	  
Hell	  JC	  Ph	  D	  Université	  Metz,	  2011	  Dehmas	  et	  al	  ,	  Matériaux	  et	  Technique	  2009	  
Bainite 
 Alloys	  A.	  M.	  C3	  :	  wt%	  C	  0.3,	  Mn	  2.5,	  Si	  1.5,	  Cr	  0.8,	  bal	  Fe	  Ms	  
330°C	  	  
Martensite 
 
Maraging	  steel:	  wt%	  C	  <0.01,	  ,	  Cr	  12.15,	  Ni	  9.05,	  Mo	  2.03,	  
Al	  0.7,	  Ti	  0.35	  bal	  Fe	  Ms	  150°C	  	  
	  
Increase	  of	  Ms	  with	  applied	  stress	  	  ⇒	  0.25°C/MPa[1]	  
[1] Nagayama et al.. Mat. Sci. and Eng. (2001) 
Incuba/on	  period	  decreases	  and	  
transforma/on	  rate	  increases	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  ,	  Cr	  12.15,	  Ni	  9.05,	  Mo	  2.03,	  
Al	  0.7,	  Ti	  0.35	  bal	  Fe	  Ms	  150°C	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Ms	  increased,	  but	  transforma/on	  requires	  more	  
driving	  force	  for	  further	  progress	  
Courtesy	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  Université	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For	  this	  experiment	  less	  eﬀects	  
Courtesy	  M.	  Dehmas,	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  Université	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Results	  -­‐	  Transforma/on	  plas/city	  
Transforma/on	  strain	  versus	  applied	  stress	  for	  
isothermal	  baini/c	  transforma/on	  at	  350°C	  and	  
450°C	  
M.	  VEAUX,	  et	  al	  Journal	  de	  Phys.	  IV	  (2001)	  pp	  181-­‐188.	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 35	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  C	  0.35,	  Mn	  1.83,	  Si	  0.26,	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  Cr	  0.2,	  Mo	  
0.06,	  Cu	  0.275,	  V	  0.12,	  bal	  Fe	  Ms	  310°C	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BainiZc	  transformaZon	  under	  compressive	  stress	  	  
Matzusaki,	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  Acta	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  1994	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Analysis	  in	  model	  alloys	  Fe	  Ni	  C	  
50 µm 
E. GAUTIER et al Journal de Physique IV, vol. 5, 1995, C8-41 - C8-50. 
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Analysis	  in	  model	  alloys	  Fe	  Ni	  C	  
50 µm 
σ  <	  0.5	  σY	  	  
	  dMs/ds	  =	  0.05°C/s	  	  	  value	  <	  0.15°C/Mpa	  (Patel	  
	  Cohen)	  
σ  >	  0.5	  σY	  	  
	  	  dMs/ds	  =	  0.20°C/s	  	  	  value	  ≈	  0.15°C/MPa	  
σ  <	  0.5	  σY	  	  
	  Low	  transforma/on	  plas/city	  deforma/on	  
	  0.01%	  	  
σ  >	  0.5	  σY	  	  
	  transforma/on	  plas/city	  increases	  up	  to	  10%	  at	  
	  the	  beginning	  of	  the	  transforma/on	  (15%	  
	  martensite)	  
	  Magee	  contribu/on	  :	  8%	  
E. GAUTIER et al Journal de Physique IV, vol. 5, 1995, C8-41 - C8-50. 
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E. M. GAUTIER, J.S. ZHANG, Y.H. WEN, S. DENIS, Phase Transformations and Evolution in Materials 
Edited by P.A. Turchi and A.Gonis, TMS 2000 pp 291 - 306.  
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  in	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M.	  VEAUX,	  et	  al	  Journal	  de	  Phys.	  IV	  (2001)	  pp	  181-­‐188.	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Changes	  in	  bainite	  
450°C	  0	  MPa	  
length	  5-­‐10µm	   	  	  
width	  0.3	  to	  0.9µm	  
Bainite	  formed	  under	  144	  MPa	  at	  450°C	  
	  
° Laths	  morphology	  length	  can	  reach	  20µm,	  width	  
1-­‐2µm	  
° 	  Carbides,	  smaller	  in	  size	  are	  observed	  between	  
and	  inside	  the	  laths	  
° 	  Strong	  misorienta/on	  inside	  the	  plate	  formed	  
under	  stress	  
σe	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  105	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σe	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  115	  MPa	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T. J. SU, E. AEBY-GAUTIER, S. DENIS, Scripta Materialia, 
54(2006) pp 2185-2189  
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Growth	  of	  plates	  is	  favoured	  	  
350°C	  128	  MPa	  
length	  >	  10µm	  width	  0.3	  to	  0.9µm	  
T. J. SU, E. AEBY-GAUTIER, S. DENIS, Scripta Materialia, 
54(2006) pp 2185-2189  
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Summery	  -­‐	  Microstructure	  
1.  Variant	  selec/on	  is	  signiﬁcantly	  characterized	  when	  stresses	  >	  0.5	  σY	  
	

	

2.  This	  signiﬁcant	  increase	  is	  associated	  with	  a	  change	  in	  plates	  size	  
•  Longitudinal	  plate	  growth	  is	  enhanced	  for	  bainite,	  even	  plate	  width	  	  
•  plate	  width	  increases	  for	  thin	  plate	  martensite	  	  and	  decreases	  for	  
len/cular	  martensite	  
	  
3.  Larger	  misorienta/ons	  were	  characterized	  in	  bainite	  formed	  under	  
stress	  
	

Variant	  selec/on	  AND	  Modiﬁca/on	  in	  the	  transforma/on	  
strain	  accommoda/on	  process	  (Bain	  strain	  as	  well	  as	  
macroscopic	  shear)	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Transforma/on	  without	  stress	  
Bainite	  or	  martensite	  forma/on	  implies	  a	  cristallographic	  change	  
from	  	  	  FCC	  to	  BCC	  
εtrd, n =
0
γ
0/2 ε 0
γ
0/2
ε0 : volume variation  
γ0 : macroscopic shear 
For steels  
γ0 = 0.2  
ε0= 0.03  
Fe-Ni-C Alloy 
X.M. Zhang 
ε0 
γ0 
at	  nano/micro	  scale:	  	  
	  Forma/on	  of	  Bain	  variants	  or	  arrangements	  of	  self-­‐organized	  domains	  (Bain	  
variants)	  leading	  to	  a	  plate	  with	  a	  given	  habit	  plane	  and	  OR	  to	  which	  can	  be	  
associated	  with	  a	  deforma/on	  tensor	  (mean	  shear	  strain	  γ0,	  volume	  varia/on	  ε0)	  
	  
η1   0     0
0     η2   0
0     0     η3
" 
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' 
η1 = η2 =
2a
α '
a γ
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Transforma/on	  without	  stress	  
Bainite	  or	  martensite	  forma/on	  implies	  a	  cristallographic	  change	  
from	  	  	  FCC	  to	  BCC	  
ε0 
Fe-Ni-C Alloy 
X.M. Zhang 
γ0 
In	  the	  parent	  grain	  and	  the	  polycrystal	  
	  stresses	  are	  relaxed	  by	  forma/on	  of	  self	  accommoda/ng	  plates	  or	  groups	  
of	  variants	  in	  order	  to	  accommodate	  the	  “macroscopic”	  shear	  strain	  (γ0)	  	  
	  
η1   0     0
0     η2   0
0     0     η3
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' 
η1 = η2 =
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EBSD scanning on thermal martensite 
G. Miyamoto et al Acta Mat. 2009 
Fe30Ni0.4C 
Transforma/on	  without	  stress	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EBSD scanning on thermal martensite 
G. Miyamoto et al Acta Mat. 2009 
Fe30Ni 
Transforma/on	  without	  stress	  
Development	  of	  stresses	  during	  the	  martensi/c	  transforma/on	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Maraging	  steel:	  wt%	  C	  <0.01,	  ,	  Cr	  12.15,	  Ni	  
9.05,	  Mo	  2.03,	  Al	  0.7,	  Ti	  0.35	  bal	  Fe	  Ms	  150°C	  	  
Transforma/on	  without	  stress	  
Internal	  stresses	  not	  fully	  relaxed	  
Dehmas	  et	  al	  ,	  Matériaux	  et	  Technique	  2009	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35NiCrMo 
XD15NW 
Transforma/on	  without	  stress	  
Dehmas	  et	  al	  ,	  Matériaux	  et	  Technique	  2009	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In	  the	  presence	  of	  external	  stresses:	  
	  
Energy	  balance	  for	  the	  transforma/on:	  	  	  
	   VMΔGch
P _M +VM [σ ][ε tr ]= SMγ P/M +VMΔGdef
€ 
ΔMs =
U '
−ΔSP− M =
[σ ][ε tr ]
−ΔSP− M
ΔGmech=	  (σn	  ε0	  +	  τ	  γ0)	  V	  	   σn	  and	  τ	  are	  respectively the	  resolved	  stress	  in	  the	  normal	  direc/on	  to	  the	  habit	  plane	  and	  the	  shear	  direc/on	  in	  the	  habit	  plane.	  
Considering	  the	  forma/on	  of	  a	  single	  plate,	  assuming	  	  
γ0	  	  and	  Δgdef are constant	  
ΔGmech	  
Transforma/on	  with	  stress	  
Maximisa/on	  of	  ΔGmec	  	  leads	  to	  variant	  selec/on	  
Patel	  et	  Cohen	  1953	  
ε0	  
γ0	  
For	  the	  further	  plates,	  local	  stresses	  have	  to	  be	  considered	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Transforma/on	  with	  stress	  
In	  the	  presence	  of	  external	  stresses:	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When	  the	  stress	  is	  applied	  (in	  austenite)	  	  	  	  	  	  	  	  	  	  	  	   	   	  	  d(220)Ψ=90°	  >	  d(220)Ψ=0°	  	  
When	  the	  transforma/on	  progresses	  the	  diﬀerence	  between	  d(220)Ψ=90°	  and	  d(220)Ψ=0°	  
decreases.	  The	  stress	  in	  the	  tensile	  direc/on	  decreases	  increasing	  the	  eﬀect	  of	  internal	  
stresses	  	  	  
Ψ=0° 
Ψ=90°	  
(ΔΨ=1.8°) σ σ 
Circular	  integra/on	   Par/al	  integra/on	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Transforma/on	  with	  stress	  
In	  the	  presence	  of	  external	  stresses:	  Combined	  changes	  	  
Transformation 
strain accom- 
modation
Modi!cation of 
bain strain 
accommodation
Stressmm 0
Elastic and 
self accommodation
threshold Y
Elastic, plastic and  
self accommodation
Elastic and plastic and  
accommodation
E"cienty of variant selection 
by the external applied stress
Increasing contribution 
of slip 
No  Changes 
in product phase morphology
 Signi!cant changes 
in product phase morphology
Low Ms variations
Applied stress is low // 
local stresses
Applied stress level increases in 
regard to local stresses 
Ms increases 
Slip may either enhance or
hinder the product growth 
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Conclusions	  
•  Even	  without	  stress,	  martensite	  forma/on	  leads	  to	  internal	  
stresses	  (at	  the	  grain	  scale).	  Bainite	  ?	  	  
•  With	  an	  external	  stress,	  an	  addi/onal	  driving	  force	  is	  added	  
favouring	  in	  the	  case	  of	  tensile	  stresses	  the	  transforma/on.	  In	  
addi/on,	  depending	  on	  the	  stress	  level,	  slip	  may	  occur	  and	  allow	  a	  
change	  of	  	  transforma/on	  strain	  accommoda/on	  process.	  	  
•  Those	  modiﬁca/ons	  result	  in	  a	  change	  in	  the	  transforma/on	  
kine/cs	  (T0,	  Ms,	  nuclea/on	  sites,	  growth),	  in	  the	  mechanical	  
behaviour	  and	  in	  the	  resul/ng	  morphology	  of	  the	  transforma/on	  
product	  (variant	  selec/on,	  OR,	  defects)	  
•  The	  level	  of	  modiﬁca/on	  is	  dependant	  on	  the	  level	  of	  the	  applied	  
stress	  in	  regard	  of	  the	  yield	  stress	  of	  the	  phases.	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  colleagues	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Multi-scale characterization of ductile martensitic stainless steels 
C. C. Tasan, L. Morsdorf, M. Wang, D. Ponge, O. Jeannin, D. Raabe. 
Max-Planck-Institut für Eisenforschung GmbH, Duesseldorf, Germany. 
Martensitic microstructures are of fundamental importance for structural applications 
due to their characteristic high strength. Their poor ductility, on the other hand, limit 
their wider application. Improvement of this aspect requires a deep understanding of 
the underlying plasticity micro-mechanisms. This, however, is a highly challenging 
task due to (i) the complexity of hierarchical martensitic microstructure; and (ii) 
experimental difficulty of capturing the (micro) plasticity mechanisms activated in 
specific microstructural hot-spots. To overcome these challenges, we follow (i) a 
multi-scale microstructure characterization approach to map 3D heterogeneities of 
martensite crystallography (by electron backscatter diffraction), defect density (by 
electron channelling contrast imaging), solute carbon distribution (by atom probe 
tomography); and (ii) high resolution mechanical characterization approach to map 
local plastic strain (by microscopic digital image correlation) and hardness 
distribution (by nanoindentation tests). This novel coupled approach (see, e.g., Fig. 
1) was applied to different model low-carbon martensitic steels, in which plasticity 
micro-mechanisms and microstructural hot and cold spots (demonstrating local strain 
fluctuations of ± 10 % local strain) are successfully identified. Gained understanding 
enables design guidelines for martensitic steels with improved toughness and 
ductility. 
 
Fig. 1: Coupled microstructural and mechanical characterization of martensitic 
steels: (a) EBSD based boundary map, (b) same map in (a) with digital image 
correlation based plastic strain map overlay, (c) EBSD based inverse pole figure 
map, (d) EBSD based kernel average misorientation map –of the same region in (c)- 
with nano-hardness map overlay.
  
 
Assoc. Prof. Peter Hedström 
KTH Royal Institute of Technology, Sweden 
 
Dr. Peter Hedström received his Ph.D. in Engineering Materials from Luleå 
University of Technology in 2007. Thereafter, he worked at the research institute 
MEFOS AB before joining KTH Royal Institute of Technology and the Vinn 
Excellence center Hero-m (Hierarchical Engineering of Industrial Materials) in 2008. 
Within the Hero-m center Hedström is the project leader for the project martensite 
formation and tempering. The activities involve experimental characterization using 
e.g. electron microscopy and synchrotron X-ray diffraction as well as theoretical work 
using e.g. phase-field modeling and thermodynamics-based modeling. During 2014 
Hedström has been visiting scientist at the University of Rouen in France. 
 
  
On the microstructure of martensite in carbon steels  
P. Hedström 
The microstructure of martensite in steels is intriguing due to its complicated 
crystallography, morphology and defect structure. The structure is governed by 
factors such as alloy composition, parent grain size and thermo-mechanical history, 
and since the structure is controlling the properties of hardened steels, it is of highest 
technical importance to have profound understanding and control of the 
microstructure formed under certain conditions. In this talk, I will discuss how the 
microstructure of martensite changes with alloy composition. The focus is on the 
effect of C but also other alloying elements will be discussed. Moreover, some 
insights in the 3D structure of martensite will be presented. 
 
 
 
Fig. 1: EBSD micrograph of a mixed martensitic morphology in Fe-0.75wt.% C. 
 
 
On the microstructure of 
martensite in carbon steels
Peter Hedström
Dept. Materials Science and Engineering
VINN Excellence center Hierarchical Engineering of 
Industrial Materials (Hero-m) 
KTH Royal Institute of Technology
pheds@kth.se
Introduction
• In Fe-C the classical view is a transition 
lath-mixed-plate morphologhy with 
increasing carbon content
• The microstructure has been investigated 
extensively but recent developments in 
theoretical and experimental tools have 
opened new possibilities for a more
complete quantitative understanding of the 
subtle microstructural changes
• Here I will focus on the microstructure of 
martensite in Fe-C as a function of carbon
content
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & 
TECHNOLOGY, SEPTEMBER 18–19, 2014, Madrid, Spain 2
HK Yeddu, A Malik, J Ågren, G 
Amberg, A Borgenstam. Acta (2012)
AR Marder & G Krauss. 
Trans AIME (1967)
Fe-0.0023C Fe-0.35C Fe-0.75C
Fe-1.05C Fe-1.80C
Overview of martensite in the Fe-C 
system
A Stormvinter, G Miyamoto, T Furuhara, P Hedström, A Borgenstam. Acta (2012)
3WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & TECHNOLOGY, SEPTEMBER 18–19, 2014, Madrid, Spain
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & 
TECHNOLOGY, SEPTEMBER 18–19, 2014, Madrid, Spain
Quantification of martensite
characteristics by EBSD
• EBSD has become a workhorse for microstructural
characterization
• Qualitatively there is a large difference between low
and high carbon martensite but how to quantify?
4
A Stormvinter, G Miyamoto, T Furuhara, P Hedström, A Borgenstam. Acta (2012)
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & 
TECHNOLOGY, SEPTEMBER 18–19, 2014, Madrid, Spain
Variant pairing of martensite can be 
quantified using EBSD
• The experimental orientation
relationship (OR) can be 
determined even without
prescence of austenite1
• Experimental OR is close to K-S 
but varies slightly with C
• The martensite-martensite
boundaries are here
characterized by using an 
axis/angle relation [u v w]deg 
and related to variant V1
5
1G Miyamoto, N Iwata, N Takayama, T Furuhara. Acta (2010)
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & 
TECHNOLOGY, SEPTEMBER 18–19, 2014, Madrid, Spain
Martensite variant pairing in ultra-low
carbon steel: Fe-0.0023C
• Ultra-low carbon martensite have hierarchical structure: 
parent grain, packets, blocks, sub-blocks and laths
• The sub-block boundaries have low misorientation (white) 
and block boundaries have larger misorientation angle
(black)
6
Fe-0.0023C
Morito et al. Acta (2003) A Stormvinter et al. Acta (2012)
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & 
TECHNOLOGY, SEPTEMBER 18–19, 2014, Madrid, Spain
Martensite variant pairing in medium 
carbon steels: Fe-0.75C
• ”Packet-type” martensite, but block and sub-blocks are not 
found in the same way
•Σ3 martensite boundaries (V1-V2 pairing) dominate
7
CP1
CP2
CP3 CP4
A Stormvinter et al. Acta (2012)
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & 
TECHNOLOGY, SEPTEMBER 18–19, 2014, Madrid, Spain
Martensite variant pairing in high-
carbon steel: Fe-1.8C
• The zig-zag plate martensite arrange in plate groups
• Small units seem to nucleate and grow from the coarse
plates
8
A Stormvinter et al. Acta (2012)
Summary martensite variant-pairing
in Fe-C
9WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & TECHNOLOGY, SEPTEMBER 18–19, 2014, Madrid, Spain
There is a gradual transition of the 
preferred martensite boundaries
A Stormvinter et al. Acta (2012)
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & 
TECHNOLOGY, SEPTEMBER 18–19, 2014, Madrid, Spain
Comparison with variant pairing in 
bainite and martensite within
metastable austenitic stainless steels
• Also in bainite there is a transition of variant pairing with
transformation T from low angle misorientation to Σ3
• In athermal martensite within metastable austenitic
stainless steels Σ3 dominates
10
R Naraghi, P Hedström, A Borgenstam. 
Steel Res. Int. (2011)
N Takayama, G Miyamoto, T Furuhara. 
Acta (2012)
Bainitic ferrite
580℃ 450℃
Austenitic stainless quenched to -196℃
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & 
TECHNOLOGY, SEPTEMBER 18–19, 2014, Madrid, Spain
Substructures of low-carbon
martensite
• Planar accomodation defects are found also at very low
carbon contents within in general lath martensitic structures
11
1 µm
Z Hou, P Hedström, Y Xu, W Di, J Odqvist. ISIJ (2014)
Fe-0.14C-1Cr
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & 
TECHNOLOGY, SEPTEMBER 18–19, 2014, Madrid, Spain
Substructure of high-carbon
martensite
• {112} transformation twinning dominates the substructure
of high-carbon plate martensite
12
A Stormvinter, P Hedström, A Borgenstam. JMST (2013)
Fe-1.2C Fe-1.2C
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & 
TECHNOLOGY, SEPTEMBER 18–19, 2014, Madrid, Spain
Cont. substructure of high-carbon
martensite
• When Ms temperature is 
lowered even further by 
increased C alloying, 
additional planar defects on 
{101} appear i.e. both
transformation twinning and 
other planar accomodation
defects exist
13
A Stormvinter, P Hedström, A 
Borgenstam. JMST (2013)
Fe-1.67C
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & 
TECHNOLOGY, SEPTEMBER 18–19, 2014, Madrid, Spain
Cont. substructure of high-carbon
martensite
• The substructure of small units is more homogeneous with
transformation twinning across the full width of the plates
14
A Stormvinter, P Hedström, A Borgenstam. JMST (2013)
Fe-1.67C
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & 
TECHNOLOGY, SEPTEMBER 18–19, 2014, Madrid, Spain
Schematic view of
martensitic
microstructure with
increasing C in Fe-C
15
Increasing C
A Stormvinter et al. (2012 & 2013)
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & 
TECHNOLOGY, SEPTEMBER 18–19, 2014, Madrid, Spain
Example of effect of other alloying
elements (Cr) on the martensite
structure
• Addition of Cr gives a similar change of the lath martensite
boundaries as additions of C
Low angle boundaries reduces in lath martensite
Plate groups become more pronounced for plate martensite
16
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Z Hou, P Hedström, Y Xu, W Di, J Odqvist. ISIJ (2014)
3D view of lath and mixed martensite
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M Tornberg, F Lindberg, J Hagström. Swerea KIMAB 
report 2011-115
Volume ~ 10x6x3µm3
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Fe-0.23C
Fe-0.75C
3D view of plate martensite
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P Hedström et al. Proc. 3DMS (2012)
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Fe-1.2C
Morphologhy of large units is acicular plate
Conclusions
The subtle changes of martensitic stucture with
increasing carbon content in the whole range of
carbon contents relevant for carbon steels has been
investigated
The transition from lath to plate martensite with e.g. 
increasing carbon content can be quantified using
EBSD variant pairing analysis
For a comprehensive view of martensitic
microstructures several complimentary techniques
should be employed to study morphologhy, 
crystallography and substructure
3D characterization could assist in providing an even
better understanding of the martensitic microstructure
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & 
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Thank you for your attention!
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Sub-micrometer austenite obtained by controlled heat treatments: 
microstructure and mechanical properties 
C. Celada Casero1, B. M. Huang2, E. Urones-Garrote3, J. Chao1, J. R. Yang2, D. San Martín
1Materalia Research Group, Department of Physical Metallurgy, Centro Nacional de Investigaciones 
Metalúrgicas (CENIM-CSIC), Gregorio del Amo 8, 28040, Madrid, Spain. 
1 
2National Taiwan University, Department of Materials Science and Engineering, 1 Roosevelt Road, 
Section 4, Taipei, Taiwan ROC (106). 
3Centro Nacional de Microscopía (CNME), Universidad Complutense, Av. Complutense s/n, Madrid, 
Spain. 
Tailoring the reaustenitization/recrystallization process of severely deformed ferritic 
or austenitic steels has been found as an excellent approach to obtain sub-
micrometer size or nanostructured steels with ultra-high strength. In this regard, this 
work explores the development of sub-micrometer sized austenitic microstructures 
obtained by controlled heat treatments, starting from a cold-rolled martensitic 
stainless steel. The austenite formation process has been characterized in detailed 
by means of different experimental techniques and the mechanical response of 
samples partially or fully transformed to austenite has been investigated by tensile 
testing on sub-sized specimens. The characterization of the fully austenitic 
microstructures by transmission electron microscopy reveals that very fine austenite 
grain microstructures (<1 µm), possessing a high strength (>1.1 GPa) and ductility 
(>20 %), can be obtained after heating at very different rates (0.1, 10 ºC/s). 
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(c) 
Fig. 1: Transmission electron micrographs of fully austenitic microstructures after 
heating at (a) 0.1 and (b) 10 ºC/s; (c) Characteristic mechanical response of these 
heat treated microstructures. 
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Advanced EBSD Characterization in AHS steels 
R. Petrov 
Applications of Electron Backscatter Diffraction for characterization of advanced 
steels are illustrated with appropriate examples for dual phase (DP), transformation 
induced plasticity (TRIP), Q&P and high strength low alloyed steels. The focus of the 
work is on relatively new developments like 3D-EBSD and transmission back scatter 
diffraction (TKD) in scanning electron microscope (SEM). 
 
 
 
 
Fig. 1: (a) IQ map of new (fresh) martensite and retained austenite in Q&P steel 
obtained by transmission Kikuchi Diffraction (TKD) in SEM; (b) Combined IQ and 
Phase map (martensite–green, retained austenite-red) with various types of grain 
boundaries: K-S boundaries (<112>90°) white, twin grain boundaries Σ3  (<111>60°) 
yellow and random high angle grain boundaries (15-180°) black. The retained 
austenite marked by white arrow is wrongly indexed. 
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Advanced EBSD Characterization 
in AHS steels 
Roumen Petrov 
 
Department of Materials Science and Engineering , Ghent University, 
Belgium 
 
Department of Materials Science and Engineering , Delft University of 
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Outline 
• Introduction to EBSD 
• Characterization of martensite in DP steels –
underestimation and overestimation of 
martensite 
• Transmission Kikuchi Diffraction (TKD) - 
characterization of fine structures  in AHSS  
• 3D EBSD - application and limitations for AHSS 
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & TECHNOLOGY, Madrid , 18-19.09.2014 
Basics of EBSD 
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & TECHNOLOGY, Madrid , 18-19.09.2014 
Main output parameters  
• Coordinates of the interacting volume (x,y, (z)) 
• Pattern quality (BC, BS, IQ, ) 
• Crystallographic orientation (ϕ1; Φ; ϕ2)  
• Indexation reliability (MAD, CI) 
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & TECHNOLOGY, Madrid , 18-19.09.2014 
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Characterization of martensite in DP steels 
An IQ map of a DP microstructure. White areas have 
normalized IQ values larger than 60, light grey areas have 
normalized IQ between 40 and 60 and the dark grey areas 
are with IQ values lower than 40.  
The IQ analysis of the microstructure  shown in  (a) using the 
multi-peak model.  
Wu J., Wray P.J., Garcia C.I., Hua M., Deardo A.J. “Image quality analysis: a new method of 
characterizing microstructures”  ISIJ International, Vol.45 (2005)No2, pp.254-262. 
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Characterization of martensite in DP steels 
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Characterization of martensite in DP steels 
Problem: Overestimation and underestimation of pixels 
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & TECHNOLOGY, Madrid , 18-19.09.2014 
Characterization of martensite in DP steels 
• Postprocecsing the image (appropriate 
clean up procedure) 
• Grain definition: min angle, min pixels 
per grain (15°, 8ppg in this case) 
• Plotting the Grain average IQ map 
• Selecting the required level of grain 
average IQ 
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & TECHNOLOGY, Madrid , 18-19.09.2014 
Characterization of martensite in DP steels 
Martensite fraction  6.4% 
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & TECHNOLOGY, Madrid , 18-19.09.2014 
Transmission Kikuchi Diffraction (TKD) 
• Crystallographic information 
• Thin specimens  
• Conventional EBSD system in a SEM  
• Tilted angle from horizontal in the opposite 
direction  
• Kikuchi scattering occurs near the exit surface 
Patrick W. Trimby; “Orientation mapping of nanostructured  materials using transmission 
Kikuchi diffraction in the scanning electron microscope”; Ultramicroscopy 120, (2012), 16–24. 
Characterization of ultrafine structures by 
TKD and EBSD  
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & TECHNOLOGY, Madrid , 18-19.09.2014 
TKD setup 
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & TECHNOLOGY, Madrid , 18-19.09.2014 
TKD set up in operation conditions 
WD=4-6mm 
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & TECHNOLOGY, Madrid , 18-19.09.2014 
Geometry 
* R. Keller, R. Geiss, K. Rice, “Transmission Kikuchi Diffraction in the Scanning Electron Microscope”, National Institute of Standards 
and Technology, Boulder (Colorado,USA), 2013  
Spatial resolution: 
•EBSD: 20 nm-50 nm 
•TKD: 5-10 nm 
TKD: Smaller volume of interaction 
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & TECHNOLOGY, Madrid , 18-19.09.2014 
FSD imaging in SEM and TKD maps 
Aluminum sample deformed to vM=5.4 by high pressure torsion 
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & TECHNOLOGY, Madrid , 18-19.09.2014 
Quenched &Tempered  LC  steel 
Carbides 
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & TECHNOLOGY, Madrid , 18-19.09.2014 
Q&P steel 
20nm, 30kV, spot 5, WD=6 
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & TECHNOLOGY, Madrid , 18-19.09.2014 
Q&P steel 
10nm, 30kV, spot 5, WD=6 
K-S white ;  Σ3-yellow 
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & TECHNOLOGY, Madrid , 18-19.09.2014 
TKD on DP steel 
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & TECHNOLOGY, Madrid , 18-19.09.2014 
TKD on Superbainite 
150nm 91nm 105nm 
Step size 10nm; 30kV, tilt -10°, WD-5mm 
BCC 
FCC 
CI<0.1 
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & TECHNOLOGY, Madrid , 18-19.09.2014 
3D EBSD characterization 
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & TECHNOLOGY, Madrid , 18-19.09.2014 
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Martensitic Steels  
Q&P 
Ultra Fast Heated DP steel 
UFH 
Petrov R.H., Haji Akbary  F., Sidor.  J. and  Kestens L..AI. Microstructure, texture and mechanical properties of high strength steel after 
“flash annealing” Thermec 2013 
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Experimental- time-temperature records 
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Dav (~760-780°C) 
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Sample A7 -846°C @ 323°C/s 
RD 
ND Def. Texture 
Rex. Texture 
Examples 
Step size 60nm grain definition 10°, 4pix/grain 
Dav= 1.38µm 
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & TECHNOLOGY, Madrid , 18-19.09.2014 
Microstructure 
Sample A7 846°C @ 323°C/s  
 Average Grain diameter ~1.3µm 
ND-InvercePole Figure 
RD=17.8µm 
TD=17.8µm 
ND=5.25 
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & TECHNOLOGY, Madrid , 18-19.09.2014 
Selected grains  
V= 26.25µm³ 
Dav= 3.69 µm V= 0.06µm³ 
Dav= 0.48 µm 
Max 
Min 
ND-IPF 
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & TECHNOLOGY, Madrid , 18-19.09.2014 
Grain shape orientation pole figure 
1 
2 
3 
TD 
TD 
RD 
RD 
ND 
ND 5µm 
Material:  Hot rolled  HSLA (API A80) 
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & TECHNOLOGY, Madrid , 18-19.09.2014 
3D EBSD of TRIP steel 
Conventional sample 
preparation Milling in FIB: 1nA, 30kV 
BCC FCC CI<0.1 
BCC FCC 
Not indexed 
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & TECHNOLOGY, Madrid , 18-19.09.2014 
Summary 
• EBSD-one of most effective techniques for 
quantitative characterization of crystalline 
structures  
• TKD: 
– covers the gap between TEM and SEM;  
– Excellent for characterization of fine structure of 
AHSS 
• 3D-EBSD provides unique information but 
not always applicable to metastable phases  
WORKSHOP ADVANCED STEELS: CHALLENGES IN STEEL SCIENCE & TECHNOLOGY, Madrid , 18-19.09.2014 
Thank you for your attention! 
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X-ray diffraction study in modern steels 
J.A. Jiménez 
Phase identification and quantification are indispensable for developing, processing 
and manufacturing new steel grades. X-ray diffraction is the most accurate and 
reliable technique for this task. There are two general approaches used in 
quantitative analysis: the Rietveld method and comparing integrated intensity values 
of single peaks of the phases present in the alloy with peak intensities calculated 
theoretically or obtained from standards without texture. In samples with a strong 
texture, the diffracted intensity of each peak should be corrected by an analytical 
texture model with adjustable parameters. In this case, the cubic harmonics model 
suits particularly well the analysis of retained austenite in steels, but more than three 
reflections for both phases are needed for calculating the related parameters by a 
least squares fitting.  
So far the difficulties associated with texture, the Rietveld refinements can explicitly 
include intensity deviations caused by preferred orientations. Besides, the Rietveld 
method provides not only a quantitative phase analysis, but also the refinement of 
many other structural parameters like lattice parameters, to determine the carbon 
concentration in austenite, and modelling peak shape functions to support 
determination of microstructural parameters, principally crystallite size and 
microstrain. All these parameters play a crucial role in the properties of high 
performance transformation induced plasticity (TRIP) or nanobainitic steels, as they 
significantly affect the mechanical stability of the retained austenite. In addition, 
measurement of residual stress by X-ray diffraction instead other more conventional 
techniques (like hole drilling, photoelastic analysis….) offer the advantage to 
measure stress in specific small areas  (about 1 mm diameter or even lower) or, with 
the use of a computer-controlled X-Y stage, stress maps can be generated. 
 
 
Fig. 1: Experimental (circles) and calculated (solid) diffraction pattern of a 
superbainitic steel after the Rietveld refinement. 
 
X-ray diffraction study in modern steels 
 
José A. Jiménez Rodríguez (CENIM-CSIC) 
   
Introduction 
X-ray diffraction measurements are widely used for obtaining information on 
the properties of modern steels. 
Phase identification and quantification are indispensable for: 
a) developing, processing and manufacturing new steel grades  
b) ensuring the performance specifications and quality of a steel grade. 
There are two general approaches used in quantitative analysis: 
a) direct comparison methods 
b) the Rietveld method. 
The refinement by the Rietveld method provides also structural parameters 
like lattice parameters, and microstructural parameters, principally crystallite 
size and microstrain 
X-ray diffraction measurements can be also used for the characterization of 
textures and residual stress. 
Texture development in forming processes distorts numerous macroscopic 
properties of an alloy. For instance, plastic formability of steel sheets often 
reveals large anisotropy . 
Manufacturing of a component can have a considerable impact on the 
residual stress field near surface grinding, turning, polishing, shot peening…, 
altering its fatigue life 
The choice of X ray tube anode is critical for X ray diffraction measurements.   
When the characteristic radiation of the incident beam causes the sample to 
emit its own fluorescent radiation (like in the analysis of Fe base alloys with 
Cu anode), the radiation is not suitable.  Even if the instrument is fitted with 
a secondary monochromatic  to improve  the signal-to-background ratio, 
most of the incident beam is being absorber by fluorescence and them: 
- Penetration depth is very small and insufficient for a representative 
measurement of a bulk sample (about 1.8 µm at 2θ = 45º) 
-The intensity of the diffraction peaks will decrease significantly, and the time 
required to get power diffraction data with high accuracy makes the 
measurement  extremely long or impracticable. 
Experimental 
The following fundamental requirements must be satisfy by a step-scan power 
diffraction pattern to preform  analyses with high precision : 
a) In order to have a low positioning error and an adequate parametrization of 
shapes, widths and asymmetry, the optimal step-scan increment should be 
between 1/5 and 1/10 of the minimum FWHM of non overlapping peaks. 
b) As the error of the intensity is inversely proportional  to the square root of 
total counts (Poisson’s distribution),  to ensure a precision of about 1%, at 
least 10000 counts should be obtained for each reflection.  As, this may be 
impracticable , experiments should be designed for  accumulating  between 5 
an 10 thousand counts in the largest peaks in the patterns. 
Finally, inadequate sample preparation could give rise to erroneous results: 
- mechanical damage due to cutting and/or grinding 
- surface undulation . 
- contamination 
 It is necessary to use a  carefully preparation procedure specimen in order to 
avoid a deformed or decarburized surface layer.  
We use two approach for the determination of retained austenite volume 
fraction by X ray diffraction : 
Analysis of retained austenite 
We have used a full pattern decomposition technique to determine the 
intensity of the individual Bragg reflections.  Thus, integrated intensities of 
overlapping and/or broad, distorted X-ray diffraction peaks can be determined 
and used to compute intensity required in this method. 
a) A method based on a direct comparison of the integrated intensities from 
several austenite and ferrite peaks: 
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The use of several Bragg peaks in evaluating an average normalized 
intensity diminished the detrimental influence of texture, as long as it 
remains small to moderate. 
In samples with a strong texture, the diffracted intensity of each peak should 
be corrected by an analytical texture model with adjustable parameters. 
In this case, the cubic harmonics model suits particularly well the analysis of 
retained austenite in steels, but in this case more than three reflections for 
both phases are needed for calculating the related parameters by a least 
squares fitting. 
b) The Rietveld method use a non-linear least squares algorithm to refine a 
crystal structure model to an experimental power diffraction pattern. 
 In this refinement, for each j Bragg reflection : 
-  Integrated peak intensity, Ij, is calculated  from the crystal structure model 
used (atomic positions, site occupancies, thermal vibrational parameters) 
together with other relevant geometrical parameters (Lorentz, polarization) 
 -  Peak position, 2θj, is calculated from the unit cell parameters as a function 
of the wavelength (Bragg’s law) 
 - Peak shape function, φj,  provides information on instrument al and sample  
characteristic (crystallinity, grain size and microstrain) 
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   where  K is a scale factor, Xj = 2θi – 2θj and ∆ Xj is the difference between the 
Bragg angle of the Kα1 y Kα2. components  
A diffraction pattern is the sum of individual peaks, which can be calculated 
considering all contributions described before, and a background function, b 
(2θi).  
 Thus, the intensity of the calculated power diffraction pattern at the position 
2θi can be described as: 
  
 
When a diffraction pattern is the mixture of p crystalline  phases,  
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   In the Rietveld method, the minimized function is then given by: 
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   where  wi is the weight assigned to the i data point.  Assuming that the 
measured intensity is only affect by statistical error, σi, and that the spread of  
photon counts register by the detector is defined by the Poisson’s probability 
distribution:  
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In this refinement, it was also obtained the lattice parameter of ferrite(a = 
0.2869 nm), austenite (0.3608 nm), and microstrains in both phases (6 x 10-4 
and 1.7 x 10-3, respectively). 
The Rietveld refinement was used to analyze XRD patterns, considering as starting 
structural model a combination of α-Fe (space group Im-3m) and γ-Fe (space group 
Fm-3m) lattice. 
Observed profiles were correct for instrumental effects using a corundum standard. 
We also have used the Rietveld to study of the microstructure evolution during 
plastic deformation in high-performance austenitic TRIP y TWIP steels based 
on based on Fe-Cr-Mn-N, Fe–Mn–Si–Al, or Fe–Mn–C grades 
Plasticity of these austenitic steels, is achieved by dislocation glide and 
mechanical twinning or martensitic transformations 
As a quite similar evolution of the microstructure is observed for both type of 
materials, the nature of the strain induced phase have to be determined using 
X-ray diffraction 
For the Fe–24.7Mn–2.66Al–2.92Si alloy, comparing the XRD pattern before 
and after deformation revealed the formation of both, ε- and α-martensite 
during tensile tests at room temperature 
As recrystallized
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The strain hardening rate curves 
shows an inflection point at 0.1 strain, 
related with the development of 
deformation induced martensite 
Strain γ-Fe ε-Fe α’-Fe Microstra
in (γ-Fe) 
0.090 98.2% 1.0% 0.8% 3 x 10-4 
0.175 94.1% 4.7% 1.2% 6 x 10-4 
0.326 82.8% 9.8% 7.3% 1.3 x 10-3 
0.470 74.3% 11.6% 14.0% 1.9 x 10-3 
As deformation increase, the volume 
fraction of martensite increases 
gradually and therefore the mean free 
path of dislocations decreases rapidly. 
In some samples we observed that difference  plots show asymmetric broadening of 
the austenite peaks. 
In these cases, structural broadening of diffraction peaks can not be associated only to 
cell size and microstrain effect. 
Broadening can be also associated to two phase with a close lattice parameter (e.g. 
two gamma like structures with different carbon content in the previous example).  
For this analysis each diffraction peak was fitted including asymmetry, background 
and shape. 
Since lower values of all residuals indicate a better fit, it was concluded that there is a 
variation on the carbon content between different  grains or segregation within grains. 
The Rietveld refinement was used also to analyze XRD patterns of nanobainitic steels 
showed that now the calculated ferrite peaks are too narrow when compared with the 
measured peak shapes, as shown in the difference plot 
Howeve, in this case the use of two ferrite like structures with different lattice 
parameters does not improved the fit. 
To clarify this point, each diffraction peak was fitted individually including asymmetry, 
background and shape. In contrast to the Rietveld refinement, the only contrainst 
considered was the relative intensity of the Kα1 and Kα2 wavelength. 
Since scattering of FWHM value for the (200) reflection around the polynomial 
function is systematic in all samples (always above the average trend), these results 
indicate an inadequacy of the unit cell used for the Rietveld refinement. 
Broadening can be also associated to the overlapping of two or more diffraction lines 
in crystals having a structure type which is close to a higher symmetry (e.g. 
tetragonal instead cubic). Then, a tetragonal phase with the space group I4/mmm 
was introduced as initial structural model in the Rietveld refinement. 
 
Since lower values of all residuals indicate a better fit, it was concluded that ferrite 
bainite did not present a cubic structure as reported in previous studies, but 
tetragonal. 
The Rietveld 
method can 
be also used 
in the phase 
identification 
to check if 
peak position  
deviations 
from a PDF 
reference is 
due to a 
different 
chemical 
composition 
 
 
00-035-0783 (*) - Chromium Carbide - Cr23C6 - Y: 3.61 % - d x by: 1. - WL: 1.78897 - Cubic - a 10.65990 - b 10.65990 - c 10.65990 
00-035-0772 (*) - Cohenite, syn - Fe3C - Y: 2.04 % - d x by: 1. - WL: 1.78897 - Orthorhombic - a 5.09100 - b 6.74340 - c 4.52600 - a
00-029-0044 (C) - Aluminum Iron Carbide - AlFe3C0.5 - Y: 3.66 % - d x by: 1. - WL: 1.78897 - Cubic - a 3.77000 - b 3.77000 - c 3.77
00-006-0696 (*) - Iron, syn - Fe - Y: 13.77 % - d x by: 1. - WL: 1.78897 - Cubic - a 2.86640 - b 2.86640 - c 2.86640 - alpha 90.000 - b
Fe3Al1C - File: probe 2.raw - Type: 2Th/Th locked - Start: 20.000 ° - End: 113.990 ° - Step: 0.030 ° - Step time: 10. s - Temp.: 25 °
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If the Rietveld refinement gives a satisfactory match, we have identified the 
type of structure. 
X-ray diffraction is the most accurate and reliable technique for quantitative 
analysis in modern steels. 
a) calculation of lattice parameter to determine the carbon concentration in 
austenite 
b) modelling peak shape functions to support determination of crystallite 
size and microstrain 
c) detecting carbon segregation within grains. 
d) determining the crystal structure of ferrite bainite. 
e) identifying the type of structure of carbides not included in data bases. 
 
 
Conclusions 
Beside a quantitative analysis, the refinement by the Rietveld method can be 
used for: 
All these parameters play a crucial role in the properties of high performance 
steels. 
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Advanced Characterization of Ferritic stainless steels  
J.F. Almagro 
Ferritic stainless steels are cheaper and more cost-stable than the more commonly 
used austenitic stainless steels. This is because it contains less nickel, but it is 
currently under-used due to a lack of reliable information about its structural 
behaviour. On the other hand, in the last years, some new analytical tools have 
became popular in metallurgical labs, thereby, deeper information can be obtained 
from materials and new, advanced applications can be defined. 
EN 1.4016 (AISI 430) is a very common ferritic stainless steel mainly used in the 
automotive and food industry, mostly for household appliances parts (such as grills, 
pans, pressure cookers, dishwashers, washing machines, etc.). Its use in some 
more demanding applications is limited by the actual knowledge of the relationship 
between microstructure and mechanical properties. 
In the scanning electron microscopy, backscatter electron image is known as the 
best way to get “compositional images” (where contrast comes from changes in 
chemical composition). However, when taking this type of images at very short 
working distance, microstructure becomes visible, without any previous surface 
etching, and at high resolution. The use of such images, also known as “Mott 
images” or “electron channelling contrast images”, has been extended with the use 
of Schottky field emission electron gun. EBSD and EPMA are better-known 
analytical techniques well established for very fine structural and chemical analysis 
of steels.  
In this job, a combination of these three techniques is used to analyse two steel 
samples, within the same standard but with different chemistry, before and after 
applying a controlled deformation. Differences in mechanical properties are 
explained by the changes in the microstructure. 
 
 
Fig. 1: Increase of fibre texture with elongation. Left, annealed. Right, 20 % elong. 
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Integral Production in 1985 (1st time in the world) 
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ACERINOX BACKGROUND 
MIDDELBURG (South Africa) 2001 
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Ponferrada (Spain) 1958 
Bahru (Malaysia) 2011 
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PRODUCTION PROCESS DIAGRAM Advanced Characterization of Ferritic Stainless Steels  
Melting shop Hot Rolling shop & Hot Plate Shop 
Cold Rolling shop 
INTRODUCTION 
ABOUT EN 1.4016 
(AISI 430) 
Absence of Nickel in its composition. 
Ferritic bcc crystallographic structure. 
Demanding applications: conformation. Stretching 
Main challenge: currently under-used due to a lack of 
reliable information about its structural behaviour 
IMPROVE 
KNOWLEDGE 
Deformation Mechanisms. 
Microstructure and Segregation: dynamic behavior 
during deformation. 
TECHNIQUES EPMA: elemental segregation. FEG-SEM: EBSD (texture, second phases) and high 
angle BSE (crystallographic orientation and defects). 
SAMPLES 
Composition: basic and modified. 
Treatments: normal and high annealing. 
Deformation: Uni-axial tension: 1%, 10%, 20%. 
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RESULTS Advanced Characterization of Ferritic Stainless Steels  
Sample
Id. 
Typical 
Composition Annealing 
500-A-S C: 0.050; N: 0.035 Si: 0.35; Cr: 16.3 Normal 
490-A-S C: 0.025; N: 0.025 Si: 0.45; Cr: 16.7 Normal 
500-B-S C: 0.050; N: 0.035 Si: 0.35; Cr: 16.3 High 
500-1C-S C: 0.025; N: 0.025 Si: 0.45; Cr: 16.7 High 
MATERIALS. Composition, Structure and Mechanical Properties. 
Id. E rm ∆r KWI 
500-A-S 24.5 0.93 -0.40 24.91 
490-A-S 26.1 1.14 -0.21 33.42 
500-B-S 28.9 0.95 -0.21 45.11 
490-C-S 28.5 1.15 -0.19 58.80 
500-A-S 490-C-S 
490-C-S 
RESULTS Advanced Characterization of Ferritic Stainless Steels  
500-A-S 
490-C-S 
As-supplied materials. High angle BSE. 
CRYSTAL INCONSISTENCY 
DISLOCATIONS BY TENSIONS 
ACCUMULATED IN GRAIN 
BOUNDARY 
GRAIN BOUNDARIES WITH 
COMPLEX STRUCTURES 
GRAIN BOUNDARY “TURNED”: 
REDUCE TENSIONS 
RESULTS Advanced Characterization of Ferritic Stainless Steels  
Uniaxial tension deformation. High angle BSE. 
1 % 10 % 
20 % 
490-C-Tx 
DISLOCATION 
NETWORKS 
ACCUMULATED IN 
GRAIN BOUNDARY 
CHANGING 
CONTRAST: STRESS 
LINE DEFECTS: 
SUBGRAINS 
RESULTS Advanced Characterization of Ferritic Stainless Steels  
Uniaxial tension deformation. High angle BSE. 
500-A-T-20 
490-C-T-20 
CHANGING 
CONTRAST: STRESS 
LINE DEFECTS: 
SUBGRAINS 
E, %  0 1 10 20 
500 A 5.1 µm ( 12.3) 4.8 µm ( 12.4) 4.9 µm ( 12.4) 4.5 µm ( 12.6) 
490 A 5.4 µm ( 12.1) 5.2 µm ( 12.2) 5.0 µm ( 12.3) 4.5 µm ( 12.5) 
500 B 6.5 µm ( 11.6) 6.7 µm ( 11.5) 6.5 µm ( 11.6) 5.4 µm ( 12.1) 
490 C 10.4 µm ( 10.2) 10.1 µm ( 10.3) 9.5 µm ( 10.5) 7.3 µm ( 11.2) 
EBSD. Inverse Pole Figure colour Code, <hkl> || X 
RESULTS Advanced Characterization of Ferritic Stainless Steels  
Grain Size 
in µm (& 
ASTM No) 
EPMA. Cr x-ray map 
RESULTS Advanced Characterization of Ferritic Stainless Steels  
500-A-S 
490-A-S 
500-A-T-20 
490-A-T-20 
Cr band thickness Decreases 
Cr conc. into the bands increases 
CONCLUSIONS Advanced Characterization of Ferritic Stainless Steels  
The study of Structure, Mechanical Properties, BSE and EBSD analysis of 
the as-supplied materials show that the material with the modified 
chemical composition, 490-C, has better recrystallized structure and 
drawability behaviour than the other with basic composition. 
The materials subjected to uni-axial tension deformation show a 
correlation between chemical composition, annealing treatment and strain 
level obtained until fracture. 
The materials with modified chemical composition and higher annealing 
process show almost no segregation areas. They develop a dense 
subgrain network; as a result, the external distortion generates a strong 
dislocation grid that seems to inhibit any segregation phenomena. 
In the materials with basic composition, the subgrain area is higher and, 
when they are deformed, they use the deformation energy to allow 
reorganisation of elements which originates the precipitation of carbides 
and nitrides. 
Thank you very much 
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Effect of microstructure on the impact toughness of HSS  
I. Gutierrez 
Toughness in steels is controlled by different microstructural constituents. Some of 
them, like inclusions, are intrinsic while others happening at different microstructural 
scales relate to processing conditions. For a ferrite-pearlite microstructure, the 
Charpy 50% ductile Fracture Appearance Transition Temperature (FATT) can be 
expressed as a sum of contributions from substitutional solutes, free nitrogen, 
carbides, pearlite, grain size (the only affected by a negative sign) and eventually 
precipitation strengthening. The uncertainty of this type of formulations increases 
significantly for complex steel microstructures. EBSD techniques open new 
possibilities, but work still remains for developing quantification strategies and 
adapting the formulations to the derived microstructural parameters. 
Aimed at developing a methodology that consistently incorporates mesotexture 
(EBSD) into the existing mechanical property relations, microstructures with a 
selected degree of complexity were produced at laboratory in a Nb- microalloyed 
steel. The obtained extra strengthening and the increase of the FATT are shown in 
Fig. 1. The cleavage unit size was associated to an EBSD threshold angle of 15º. 
The Hall-Petch contribution to σy was estimated for a threshold angle of 2º, using a 
proportionality coefficient that depends on the boundary misorientation distribution 
[Iza-Mendia et al, Mater. Sci. Eng. A561 (2013) 40–51]. The result is the extension of 
the FATT equation to high strength microstructures and the estimation of the upper 
shelf energy for this steel. 
a) b) 
Fig. 1: Estimated increase of the FATT (a) and extra yield strength (b) above those 
expected for the same grain size in a C-Mn ferrite-pearlite microstructure, assuming 
no contribution from interstitials. The different thermal and thermomechanical 
laboratory sequences are denoted by S1 to S5, followed by 650 or 300 that refer to 
the simulated coiling or tempering temperatures in (ºC). 
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New advances in high strength steels are aimed 
at improving the combination of strength and 
toughness at the lowest cost 
INTRODUCTION 
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INTRODUCTION 
Increasing the strength is not a problem:  
The 
chalenge 
• High strength + improved toughness 
INTRODUCTION 
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INTRODUCTION 
To target ductile-brittle transition temperature & upper 
shelf energy requires a microstructure design strategy 
Microstructure 
design 
Cleavage unit  
design 
OBJECTIVES 
• Produce microstructures with controlled degree of 
complexity 
 
• Develop the quantification methods for EBSD 
 
• Integrate EBSD data and mesotexture into available 
microstructure-property equations 
 
• Develop a microstructure-based model for Charpy curve 
 
Production of  the  microstructures 
Thermal treatments 
• Ferrite-pearlite 
• Bainite 
• Tempered martensite 
Termomechanical 
treatments 
• Ferrite-pearlite 
• Bainite 
EXPERIMENTAL 
Steel composition (%) 
• Tensile testing 
• Charpy 
• Metallography: optical, SEM and  EBSD 
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EXPERIMENTAL: Sequences design philosophy 
 
 Prior austenite conditioning 
 Microstructure  Nb 
 Grain refinement 
Strain 
accumulation 
Precipitation 
/coarsening in 
austenite 
Free Nb in 
austenite 
S1 X   XXX 
S2 X X X XX 
S3 X XX XX X 
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Quantification of complex microstructures 
requires EBSD 
•  This needs defining criteria 
for quantification 
 
EBSD- GRAIN SIZE 
Very low angle: 
<2º 
• Do not allow 
quantification 
• Dislocation 
strengthening 
Low angle: 
2º≤<15º 
 
High angle: 
>15º 
 
 
• Cleavage 
unit size 
• Hall-Petch 
BOUNDARY CLASSIFICATION 
Fracture transverse 
section 
A. Iza-Mendia, I.Gutiérrez, Materials Science&EngineeringA561(2013)40–51 
I. Gutiérrez, Materials Science & Engineering A 571 (2013) 57–67 
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Materials Science&EngineeringA561(2013)40–51 
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APPLICATION OFTHE MODEL 
APPLICATION OFTHE MODEL 
+20ºC 
+20ºC 
-15ºC 
FATT deviation from 
the model 
APPLICATION OFTHE MODEL 
APPLICATION OFTHE MODEL 
APPLICATION OFTHE MODEL 
Correcting the error in the 
pediction of FATT 
CONCLUSIONS 
• The proposed model describes reasonably well the Charpy curves 
for a relatively broad range of microstructures (ferrite-pearlite, 
bainite and quenched and tempered) obtained in the same Nb-
microalloyed steel.   
 
• This model is probably not of general application because some of 
the parameters defining the Charpy curve, will certainly be 
affected by different correlations when changing the steel. 
Nevertheless, it constitutes an interesting tool for microstructural 
design and its formulation could open new perspectives.  
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Fracture toughness of high strength steels sheets: an approach to 
understand formability and crack edge fracture in cold forming 
D. Casellas 
The development of integrated lightweight designs and the use of new materials 
offer to the automotive industry a real chance to upgrade the current vehicle 
standards according to the increasing demands on safety and fuel consumption. This 
is thanks to the development of the so-called advanced high strength steels. 
However, very high strength steels (>800 MPa) show moderate ductility which 
makes them especially susceptible to the presence of cracks that may lead to 
undesirable component performance. Cracks may be introduced during cold forming 
or may nucleate from notches or edge irregularities during the in-life service of the 
component.  
The material property that controls crack propagation and help to understand 
fracture behaviour is the fracture toughness. Fracture toughness of engineering 
materials can be measured in the frame of linear elastic fracture mechanics following 
the ASTM E399 procedure in terms of KIC. For ductile materials experimental 
approaches based on elastic-plastic fracture mechanics (EPFM) allow determining 
the crack propagation resistance, as the J-integral (giving the value of JC), the J-R 
curve or the CTOD measurement. Such tests require detailed sample preparation 
and test monitoring.  
For thin plates an alternative method to characterize fracture toughness was 
developed in the 80s; the EWF (Essential Work of Fracture) methodology. It was 
successfully applied in the 80s to characterize sheet properties in ductile alloys, and 
the obtained toughness value was found to be equivalent to JC. Previous works 
carried out by CTM show their applicability to AHSS sheets. Moreover, the 
experimental easiness of the EWF methodology compared to J-integral or CTOD 
methods, makes it an interesting approach to determine toughness in AHSS thin 
sheets. In this investigation, crack edge fracture during cold forming in some AHSS 
grades will be rationalized in terms of their toughness (evaluated following the EWF 
procedure) and their microstructure. 
 
 
Fig. 1: Cracks at different position of a cold formed automotive component made of 
AHSS. 
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1. INTRODUCTION 
25% 
AHSS  
Expected (2020) 
  
35-40% AHSS Currently    15-25% AHSS 
AHSS: Advanced High 
Strength Steels 
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1. INTRODUCTION 
Formability 
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1. INTRODUCTION 
Formabilty 
Nakajima Marciniak 
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1. INTRODUCTION 
Stretch - flangeabiltiy 
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1. INTRODUCTION 
Edge cracking 
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AIM 
Rationalize the crack edge fracture phenomena in cold 
forming of AHSS sheets by means of the mechanical 
property that controls crack propagation, i.e. the 
FRACTURE TOUGHNESS 
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2. FRACTURE TOUGHNESS IN AHSS 
Linear Elastic Fracture Mechanics: KIC 
Elastic-plastic fracture mechanics: J-integral (JC), J-R curves, CTOD 
The Essential Work of Fracture methodology 
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2. FRACTURE TOUGHNESS IN AHSS 
 The Essential Work of Fracture (EWF) concept is used to 
characterize the fracture of thin plates on plane stress. 
 
 It has been successfully applied in polymer films (ESIS TC4, 
1993) and ductile metals (low C steel, Cu, Al)  
 
Y-W. Mai et al, Polym Eng. Sci. (1987) 
W. Jingshen et al., Polym Eng. Sci. (1996) 
M.L. Maspoch et al., Polymer (2002) 
B. Cotterell et al., Int. J. Frac. (1977) 
Y. Marchal et al., Int. J. Frac. (1996) 
T. Pardoen et al., J. Mech. Solids (1999) 
 
 Cotterell and Reddel (1977), based on Broberg’s idea (1975) 
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2. FRACTURE TOUGHNESS IN AHSS 
IDDRG Conference 2011, June 5-8th, Bilbao, Spain 
DUCTILE FRACTURE: Fracture energy can be  
separated into two terms: 
 
   Wf = Wp + We 
 
 
 
 
We, essential work of fracture, is related to damage, surface creation and 
necking, then it is essential. TOUGHNESS 
 
Wp, Plastic work, is related to plastic deformation. It depends on the specimen 
size and geometry and the loading mode, then it is no essential 
 
Plastic zone 
Crack front 
Fracture Process zone 
(FPZ) 
How to separate them?  
→ The Essential Work of Fracture (EWF) methodology 
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2. FRACTURE TOUGHNESS IN AHSS 
Pef WWW +=
Ligament is completely yielded 
Plastic zone is confined to the notched ligament 
 
WP ∝ plastic volume at initiation 
We ∝ fractured area 
lwww
lt
W
ef
f
pβ+==
tlwltwW ef
2β p+=
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2. FRACTURE TOUGHNESS IN AHSS 
lwww
lt
W
ef
f
p β+== Ligament length 
Wf 
l 
we 
wpβ 
How essential is we? 
Is equivalent  to JIC (toughness for elasto-plastic materials) 
Necking depends on thickness, we increases with thickness 
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3. MATERIALS AND EXP. PROC. 
 DC03, 1.5 mm 
 TRIP700, 1.2 mm 
 TRIP800, 2.0 mm 
 DP600, 1.6 mm 
 DP800, 2.0 mm 
 CP800, 2.0 mm 
 DP1000, 2.0 mm 
 DP1200, 2.0 mm 
 TWIP(X60Mn22), 1.4mm 
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3. MATERIALS AND EXP. PROC. 
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d
ddHER 
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 −=
HET: Hole Expansion Test 
d0 
d 
Conical punch 
= 12% 
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4. RESULTS & DISCUSSION 
DC03 
 
 
 
DP780 
 
 
 
TRIP800 
 
 
 
DP1000 
 
 
 
DP 1200 
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4. RESULTS & DISCUSSION 
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 In mild steel, small effect of notch 
root radii 
 In  AHSS, we is affected by notch root 
radii  
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4. RESULTS & DISCUSSION 
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4. RESULTS & DISCUSSION 
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4. RESULTS & DISCUSSION 
Microcrack formation around the punched area 
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4. RESULTS & DISCUSSION 
Crack edge fracture:  Microcrack nucleation  +  crack propagation 
STRENGTH +TOUGHNESS 
DP800 CP800 
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4. CONCLUSIONS 
  The EWF method can be applied to high strength steel sheets to estimate 
fracture toughness. 
 
  Microcracks were found around the punched hole for some AHSS grades. 
Propagation of such microcracks will give rise to macroscopic cracks. Thus, 
it is evidenced that HER values are given by the resistance of the material to 
crack nucleation and further propagation. 
 
 The values of toughness, we, in the investigated steels show the same trend 
as stretch-flangeability. Thus it is possible to rationalize the observed 
improvement of stretch-flangeability through the fracture toughness 
evaluated by means of EWF. 
 
 It is shown that fracture toughness estimated by means of EWF can be 
applied to rationalize and understand cracking-related problems in cold 
forming of AHSS. 
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The fatigue limit of high-strength bearing steels 
E. Kerscher 
The fatigue of materials will be briefly reviewed by focusing on the four stages of 
fatigue. The possibility of increasing the fatigue limit by increasing the strength of a 
material will be discussed. Then the talk will focus on the specialty of fatigue in high 
strength steels where flaws within the microstructure like nonmetallic inclusions, for 
instance, often dominate the crack initiation process. Here the fatigue limit is 
determined then by the threshold value of the stress intensity factor for crack growth 
from these flaws. This threshold value can vary with the fatigue load and the 
resulting lifetime due to changes in microstructures known as fine granular areas 
(FGA), which develop during very high cycle fatigue (VHCF) tests. 
To further increase the fatigue limit of high strength steels sophisticated approaches 
are necessary. The aim is to provide strong barriers for crack growth from flaws and 
simultaneously to stabilize the dislocation structure and thereby to stabilize the 
microstructure around flaws. Therefore very fine grained materials produced by 
SPD-techniques might be a first approach. Thermomechanical treatment would also 
seem promising. Alternatively the reduction of flaw size and/or density will also 
increase the fatigue limit. These approaches will be presented with examples. 
 
 
 
Fig. 1: Fatigue limit of differently treated steels in dependence on material´s 
hardness. 
University of Kaiserslautern
Materials Testing
Gottlieb‐Daimler‐Straße
67653 Kaiserslautern
www.mv.uni‐kl.de/awp
Prof. Dr.‐Ing. E. Kerscher
Eberhard Kerscher
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The fatigue limit of high-strength bearing steels 
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5The fatigue limit is the non-propagation of cracks
[K.J. Miller, Materials Science and Technology, Vol. 9, pp 453-462, 1993]
Influence of Microstructure
6Trade off between crack initiation in matrix and at inclusions:
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Influence of Inclusions
[Murakami  et.al., Int J Fatigue 1989;11:291-8.]
710 µm
Objectives:
• Clarification of the mechanisms of change of failure
mode in the VHCF-regime (FGA, no FGA)
• Understanding the lack of a classical fatigue limit in high-strength steels
[1]
[1] T. Sakai et. al.: VHCF 5, Proc. (2011) 19-26
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• Evaluation of inclusions by stress intensity factors, according to Murakami[1]
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• determined numerically
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• grain size within FGA <<100nm 
1 µm
P. Grad et al., Scripta Mater. (2012)
Influence of Inclusions
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Hall-Petch-Murakami-Modell:
• Intrinsic flaws:
grain size, 
lamella thickness, 
• Inherent flaws:
Origin: steelmaking:
inclusions, carbides
• Process flaws:
grinding cracks, pores, 
intergranular cracks
due to grain boundary
embrittlement
[McGreevy, Socie, Fat. Frac. Eng. Mat. Struct., 1999]
Influence of Flaws
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The fatigue limit is the non-propagation of cracks
[K.J. Miller, Materials Science and Technology, Vol. 9, pp 453-462, 1993]
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Influence of Microstructure
21
3 bainitic states:
• Isothermal transformation at 220°C, 6 h: B220
• Isothermal transformation at 260°C, 2 h: B260
• Isothermal transformation at 220°C, 1 h; 180°C, 2 h: B220A
B220 B260 B220A
50 m 50 m50 m
Influence of Thermal Treatment
22
Influence of Thermal Treatment
23
Modification of the inclusion´s surroundings: 
• local strengthening
• local stabilisation of dislocation structure
inclusion
matrix-material
Influence of Thermomechanical Treatment
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Boundary of the Fatigue LImit
27
• There seems to be an upper fatigue limit
corresponding to the hardness
• Flaws reduce the fatigue limit
• They should be avoided
or
• Modification of surroundings
could reduce their harmfullness
• To increase the fatigue limit the
threshold value of the stress intensity
factor for long cracks or/and the
hardness have to be increased
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Fracture behavior of quenched and partitioned steels 
I. De Diego Calderon1, D. De Knijf2, R. Petrov2, J.M. Molina-Aldareguia1, C. Fojer3, I. Sabirov1 
1 IMDEA Materials Institute, Getafe, Madrid, Spain 
2 Department of Materials Science and Engineering, Gent University, Gent, Belgium 
3 ArcelorMittal Global R&D, OCAS N.V., Gent, Belgium 
Advanced high strength steels via the “Quenching and Partitioning” (Q&P) process 
are studied extensively nowadays in the modern steel industry. Despite significant 
body of experimental research on their strength and ductility exists, their fracture 
behavior has not been studied yet. The main objective of the present work was to 
analyze fracture properties and fracture behavior of Q&P steels at global and local 
scales. 
Double edge-notched tension (DENT) specimens with inserted fatigue pre-cracks 
were tested at room temperature. Three-dimensional digital elevation models of 
corresponding fracture surfaces were generated using an automatic fracture surface 
analysis system, and quantitative analyses of fracture surface topography were 
performed. Local crack tip opening displacement, COD, and local crack opening 
angle, COA, were measured. Energy required for formation of dimple structure on 
fracture surface, local and global fracture toughness, and crack growth resistance 
were calculated using these results and fracture mechanics relations. The 
microstructure - fracture properties relationships in the Q&P steels are discussed. 
 
 
 
a)    b)    c) 
Fig. 1: Phase distribution in a tested double-edge notched specimen from Q&P steel 
at the distance of (a) 50 μm, (b) 700 μm and (c) 1200 μm below fracture surface. 
Martensite (bcc phase) is in red and retained austenite (fcc phase) is in yellow. 
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2 
Introduction 
Current trends in the automotive industry:  
• Increase the crashworthiness properties of vehicles;  
• Decrease fuel consumption and gas emissions.  
 
Advanced high-strength steel (AHSS) grades 
First generation:  
• Dual phase (DP); 
• Complex phase (CP); 
• Transformation induced plasticity (TRIP). 
 
Second generation  
• Twinning induced plasticity (TWIP); 
• Lightweight steels with induced plasticity (L-IP); 
• Shear band strengthened steels (SIP). 
High strength  
Good ductility 
 Superior mechanical properties 
 High cost  
 Complex industrial processing  
THIRD GENERATION OF AHSS 
Increase: 
• Strength 
• Ductility 
• Toughness 
No significant 
changes in chemical 
composition 
E. De Moor, P.J. Gibbs, J.G.Speer and D.K. Matlock: AIST Transactions, 2010,  Vol. 7, No. 3, 133-144. 
3 
Introduction 
Quench and Partitioning (Q&P) steel processing concept was first 
proposed in 2003.  
 
 
 
 
 
 
 
 
 
 
 
 
J.G. Speer, D.K. Matlock, B.C. De Cooman, J.G Schroth. Acta Mater. 51 (2003) 2611–2622. 
 
J.G. Speer, F.C. Rizzo, D.K. Matlock, D.V. Edmonds. Mater. Res. 8 (2005) 417-423.  
Carbon diffusion from 
martensite into retained 
austenite 
4 
Microstructure of Q&P steels can be 
designed via manipulation with chemical 
composition of steels, initial 
microstructure and Q&P parameters. 
Introduction 
J.G. Speer, E. de Moor, A.J. Clarke. Mater. Sci. Tech. (2014) in press. 
M.J. Santofimia, L. Zhao, J. Siestsma. Metall. Mater. Trans. A, 42 (2011) 3620. 
There is a body of experimental research on structure-properties 
relationship in the Q&P steels. 
 
5 
Introduction 
E. Paravicini Bagliani, M.J. Santofimia, L. Zhao, J. Sietsma, E. Anelli. Mater. Sci. 
Eng. A. 559 (2013) 486. 
D. De Knijf, R. Petrov, C. Fojer, L. Kestens. Mater. Sci. Eng. A. 615 (2014) 107. 
Mechanical properties (strength and ductility) and mechanical 
behavior (strain hardening) of Q&P steels strongly depend on their 
microstructure: 
- phase constituents 
- volume fraction and morphology of individual microconstituents 
- spatial distribution of microconstituents 
- stability of retained austenite (determined by many factors) 
 
 
 
Mechanical properties of Q&P steels (strength and ductility) can be 
tailored via microstructural design. 
Objectives 
6 
The research on fracture behavior of Q&P steels is very limited. 
Further improvement of fracture properties via 
intelligent microstructural design. 
To study the effect of microstructure on fracture behavior of 
Q&P steels 
The objective of this work is: 
R. Wu, W. Li, S. Zhou, et.al. Metall. Mater. Trans. A. 45 (2013) 1892-1902. 
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Materials and Q&P treatment 
Steels of two different chemical compositions were produced by 
partners (ThyssenKrupp AG and OCAS):  
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Q&P Processing route 
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Q&P Processing route QT PT Pt 
(ºC) (ºC) (s) 
PT-280 280 280 - 
PT-450 240 450 - 
PT-400 244 400 500 
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Materials and Q&P treatment 
Steels of two different chemical compositions were produced by 
partners (ThyssenKrupp AG and OCAS):  
Fracture testing 
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RD 
Double edge notch tensile (DENT) specimens were machined by EDM 
followed by wire cut and the notches were sharpened by razor blade. 
Ratio (ao/W) ≈ 0.5 
Fatigue pre-cracks ≈ 300 µm 
Fatigue pre-cracking with R = Kmin/Kmax = 0.1    
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Fracture testing 
The Potential drop technique was used to measure crack 
propagation during fracture testing. 
Current (Io)  Voltage (V)  
H. Johnson. Materials Research Standards. 5 (1956) 442. 
11 
Fracture surface analysis 
Fracture surfaces on both halves of broken specimen were 
carefully analyzed. 
EBSD analysis was performed on: 
- Non-deformed QP steel grades; 
- Area under the fatigue zone; 
- Area under the fracture zone. 
 
12 
Fracture testing 
Plane strain fracture toughness K1C cannot be determined in thin 
sheets, since LEFM cannot be applied in this case. 
 
 
Crack tip opening displacement COD and J-parameter can be used 
as a measure of fracture toughness, EPFM. 
T.L. Anderson. Fracture mechanics, Fundamentals and applications.  
,    m = f (n, σy , E) 
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Reconstruction of fracture surfaces 
Fracture surfaces were 
reconstructured and analyzed 
using automatic surface analysis 
software MEX (Alicona, Austria) 
S. Scherer, O. Kolednik. Microscopy and Analysis. 3 (2001) 15-17. 
no tilt 5…10o 
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Results:  Microstructure 
5% 10% 
12,5% 15% 
10 µm 
QT =240 ºC; PT =450 ºC; Pt = --- s QT =244 ºC; PT =400 ºC; Pt = 500 s QT =280 ºC; PT =280 ºC; Pt = --- s 
PT-280 PT-450 PT-400 
Sample  %RA 
Fraction of 
tempered 
martensite (%) 
Fraction of fresh 
martensite  (%) Grain size RA (µm) 
Grain size - iron 
alpha (µm) 
PT-280 7.05 61.81 31.14 0.32 ± 0.04 2.30 ± 0.10 
PT-450 23.8 60.94 15.28 0.66 ± 0.09 2.27 ± 0.21 
PT-400   11.5 77.82 10.68 0.61 ± 0.12 3.10 ± 0.20 
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Results:  Mechanical tensile properties 
Sample 
no.  
Volume 
fraction 
RA [%] 
daustenite 
[μm] 
QT 
(ºC) 
PT 
(ºC) 
Pt  
(s)  
σ0.2 
(MPa) 
σUTS 
(MPa) 
n Au (%) 
A50 
(%) 
PT-280 7.05 0.32 244 400 500 1119 1341 0.12 9.5 12.9 
PT-450 23.8 0.66 280 280 - 1207 1943 0.22 4.9 8.1 
PT-400 11.5 0.61 240 450 - 1034 1425 0.17 9.6 15.8 
Ultimate tensile strength and strain hardening ability of the Q&P steels 
tend to increase with increasing volume fraction of retained austenite. 
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CODi measurements 
J. Stampfl, O. Kolednik. Int. J. Fracture. 101 (2000) 321. 
PT-400 
17 
COD0.2 and COA measurements 
Beginning of crack propagation Crack extension to Δa=0.2 mm 
J. Stampfl, O. Kolednik. Int. J. Fracture. 101 (2000) 321. 
COA 
,    m = f (n, E, σy) 
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Analysis of fracture surfaces 
PT-400 
PT-450 PT-280 
19 
Dimple height measurements 
PT-400 
Results: Fracture behavior 
Sample RA 
[%] 
FM  
[%] 
CODi  
[µm] 
Ji 
[kJ/m2] 
COD0.2 
[µm] 
J0.2 
[kJ/m2] 
COA 
[o] 
Rtot 
[kJ/m2] 
PT-280 7.05 31.14 2,8 ± 0.6 9.3 ± 2.0  9.3 ± 0.8 31.3 ± 2.7 1 49.7 
PT-450 23.80 15.28 4,1 ± 1.5 10.1 ± 3.7 22.0 ± 3.1 54.2 ± 7.6 3.7 124.1 
PT-400 11.48 10.68 4.0 ± 0.7 8.7 ± 1.5  15.7 ± 3.1 34.1 ± 6.7  3 92.3 
• There is no significant effect of microstructure on the average value of local 
fracture initiation toughness. 
• The scatter of local fracture initiation toughness tends to increase with 
increasing volume fraction of retained austenite. 
• The total crack growth resistance tends to increase with increasing volume 
fraction of retained austenite. 
Results: Fracture properties 
Sample RA [%] TM  [%] 
 
FM  [%] Dimple 
height  
[μm] 
Rsurf 
[kJ/m2] 
Rtot 
[kJ/m2] 
PT-280 7.05 61.81 31.14 0.16 ± 0.09 0.22 49.7 
PT-450 23.80 60.94 15.28 0.29 ± 0.15 0.28 124.1 
PT-400 11.48 77.82 10.68 0.61 ± 0.39 0.61 92.3 
• The energy required for formation of dimple structure of surface Rsurf  is 
very low in all specimens (for example, 20 kJ/m2 was reported for maraging steel). 
The highest Rsurf –value is observed in the steel with the highest fraction of 
TM, the lowest in the steel with highest fraction of FM. 
 
• There is no correlation between volume fraction of 
retained austenite and Rsurf -values. 
Rtot ≈ Rflat = Rsurf + Rsub 
J. Stampfl, O. Kolednik. Int. J. Fracture. 101 (2000) 321. 
PT-450 
700 μm 
%RA: 8.4 % 
1.2 mm 
%RA: 11.4% 
Results: Microstructure below fracture surface 
Initial,  14% 
50 μm 
%RA: 1.4% 
d 
Results: Evolution of microstructure below 
fracture surface 
 50 μm 
%RA: 1.1% 
1.4 mm 
%RA: 4.3% 
>2 mm 
%RA: 5.5% 
PT-400 
d 
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Results: Evolution of microstructure below 
fracture surface 
PT-400, 
initial 
PT-400, after fracture, 
50 μm below surface 
26 
Results: Evolution of microstructure below 
fracture surface 
PT-450, 
initial 
PT-450, after fracture,  
50 μm below surface 
Conclusions 
27 
1. Microstructure of the Q&P steels strongly depends on the Q&P 
parameters. 
2. Tensile mechanical properties are determined by microstructure of the 
Q&P steels (volume fraction and morphology of RA). 
3. Local fracture initiation toughness is slightly higher in the sample with 
the highest volume fraction of RA. 
4. Total crack growth resistance of the Q&P steels is significantly 
improved with increasing volume fraction of RA. Though this effect is 
modest at high volume fractions of RA. 
5. Matrix conditions (volume fraction of tempered and fresh martensite) 
can play important role in  fracture behavior of QP steels. 
6. In RA, there can be crystallographic orientations which are less stable 
during plastic deformation in complex stress state. 
28 
Thank you very much ! 
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Wear behavior of HSS in discontinuous sliding contact conditions 
I. Garcia Diego 
Since the first works on bainitic steels, this high strenght steels were proposed as a 
good alternative for perlitic steels in some in-service situations where wear 
resistance could be the main requirement. The reason is that usually wear resistance 
of metals are directly proportional to hardness and bainitic steels, with lower 
amounts of carbon, can be harder than perlitic steels. However, early works on wear 
of bainitic steels shown a discouraging and inconsistent results. Around late 90´s 
Clayton and other research groups started to identify that the occasionally poor wear 
behavior of bainitic steels was close related to the specific type of bainitic 
microstructure present in the steel. Since then, and currently with the recent works of 
Prankash of University of Luleå (Sweden) in collaboration with Badhesia & Garcia-
Caballero and the works of Zhang of Yanshan University (China), it was established 
than only carbide free bainite steels, and what is more, nanostructured carbide free 
bainitic steels, have the potential to overcome the wear resistance of perlitic and 
martensitic steels.  
However, evidence of the wear behavior of nanobain is still based in limited data, 
namely two types of geometries, such as twin discs rolling/sliding and ring-on-disc 
wear tests, with also a limited range of loads and sliding speeds tested. As it is well 
known, wear resistance is a complex property that does not depend only on the 
materials involved in the contact but also in several parameters such as the load 
applied on the contact, sliding speed, contact frequency in case of discontinuous 
sliding, geometry and type of movement (unidirectional or bidirectional), temperature 
environment, lubricating parameters, etc.  
This talk aims to provide a brief review of wear behavior of bainitic steels. It also 
presents by means of some examples of HSS in two different wear tests geometries 
and conditions, namely nanostructured bainitic steels in reciprocating ball-on-plate 
sliding wear and dual-phase steels in discontinuous ball-on-disc sliding wear, some 
lacks of understanding in the wear mechanisms of HSS. Special attention is made to 
the possible role of the generation of oxidized and nanocrystalline debris and its 
behavior in the contact area. 
 
 
Fig. 1: Optical conformal profilometry images of the wear track on a lower bainite 
steel (left) and a nanostructured carbide free bainite steel (right) after a reciprocating 
ball-on-plate sliding wear test.
Advanced Steels: Challenges in Steel Science and 
Technology, Madrid, 18-19  September 2014 
 
I. Garcia , Wear behavior of HSS in 
discontinuous sliding contact conditions  
 
Wear behavior of HSS in discontinuous 
sliding contact conditions  
Iñaki García 
 
COPROMAT Corrosion and Protection of Metals Group,  
Department of Surface Engineering, Corrosion and Durability 
CENIM-CSIC  
1 
Rosalía Rementeria, Francisca G. Caballero 
 Phase Transformation Steel Group 
 
Meritxell Ruiz-Andrés, Ana Conde 
 Corrosion and Protection of Metals Group 
Advanced Steels: Challenges in Steel Science and 
Technology, Madrid, 18-19  September 2014 
 
I. Garcia , Wear behavior of HSS in 
discontinuous sliding contact conditions  
 
2 
Materials 
Operational 
Parameters 
Environment 
• Composition 
• Microstructure 
• Surfaces 
• Contact geometry 
• Load 
• Speed 
• Lubricants 
• Atmosphere 
• Humidity 
Wear and friction are system 
properties (not material properties)  
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 Outline  
 
 I. Reciprocating sliding wear of bainitic HSS 
• Ball-on-Plate 
 Bidirectional sliding 
 Discontinuos contact (for the HSS plate) 
• Goal 
 Effect of microstructure on wear rate 
 
II. Unidirectional sliding wear of Dual Phase HSS 
• Ball-on-Disc 
  Unidirectional sliding 
  Discontinuos contact (for the HSS disc) 
• Goal 
 Effect of frictional heating (sliding speed/ 
 contact frequency) on wear rate 
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I. Reciprocating sliding wear of bainitic HSS 
Hyphotesis: Bainitic steels are better for wear application because 
are harder of perlitic  at equal C content… 
 …However, that is not always true 
 
Clayton and others in the last 90`s: bainitic structures (upper, lower, 
Granular, Carbide free) do not behave equally. Only Carbide Free 
Bainitic steel are comparable to perlitic. 
 
Prankash, Badhesia and Caballero with twin discs rolling/sliding 
tests and F. C. Zhang with ring-on-disc sliding tests: Nanostructured 
Bainitic steels are the best for wear aplications 
 
Nanostructured Bainitic steels: low temperature treated high C high 
Si steels with very fine bainitic ferrite laths (< 100 nm) embedded in 
C rich retained austenite (around 30%) 
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I. Reciprocating sliding wear of bainitic HSS 
Steel C Si Mn Ni Cr Mo Cu Al V 
0.3C 0.29 1.48 2.06 --- 0.43 0.27 --- --- --- 
1CSi 0.99 2.47 0.74 0.12 0.97 0.03 0.17 0.02 --- 
Chemical composition 
Heat-treatments 
0.3C steel isothermally transformed at 
325 C, 350 C, 425 C and 450 C 
1CSi steel isothermally transformed at 
200 C, 250 C, 300 C and 350 C 
Conventional 1CSi / Pearlitic, 1CSi / 
QT400 C and 1CSi / QT500 C  
S 
Tγ,tγ 
Tb,tb 
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Wear test parameters 
Reciprocating sliding vs corundum ball 
Stroke: 5 mm 
Frequency: 1 Hz 
Load: 0.5 N 
Slided distance: 72 m  
Advanced Steels: Challenges in Steel Science and 
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0.3C / 325 ºC 
LBRA, 465±5 HV30  
0.3C / 450 ºC 
CFB, 506±16 HV30 
1CSi / 350 ºC 
CFB, 367±1 HV30 
1CSi / 200 ºC 
NB, 652±9 HV30 
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I. Reciprocating sliding wear of bainitic HSS 
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0.3C/ 425 ºC 
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1CSi steel 
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Reciprocating wear rate of Lower Bainitic and Carbide Free  
Bainitic steel is… 
 … strongly dependent of hardness  (W ~ 1/ H) 
 … worse than perlitic steel or tempered martensite 
 steel 
 
 
Reciprocating wear rate of Nanostructured Bainitic steel is… 
 … not dependent of hardness (wear mechanism 
 probably dominated by the tribolayer ) 
 … comparable to perlitic steel or tempered martensite 
 steel 
I. Reciprocating sliding wear of bainitic HSS 
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Wear mechanism maps [S.C. Lim and M. F. Ashby] 
Quinn´s model 
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II. Unidirectional sliding wear of Dual Phase HSS 
Sliding wear of steels for sliding speeds > 0.1 m/s are usually 
dominated by the frictional heating  and the surface 
temperature 
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Load 
Steel C Si Mn Ni Cr Al Mo Nb V 
DP600 0.12 0.38 0.91 0.045 0.021 0.043 <0.01 <0.005 <0.01 
Chemical composition 
12 
Wear test parameters 
Ball-on-disc vs 3 mm corundum ball 
Sliding Speed: 0.1 – 3.75 m/s 
Frequency: 0.6 – 16 Hz 
Load: 2 N 
Slided distance: 2000 m  
VM(%) =  21 % 
 
HV = 230 
 
 
II. Unidirectional sliding wear of Dual Phase HSS 
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II. Unidirectional sliding wear of Dual Phase HSS 
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Frictional heating rise contact 
points and an oxide grows until  
thickness is critical and 
delaminates 
Consequences:  
 Debris are oxide particles  
 W ~ 1 / sliding speed 
 
Oxidative wear model (Quinn) 
Wear rate 
Surface flash temperature 
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Quinn´s oxidative wear model fitting… 
…only works for contact frequencies > 7 Hz 
II. Unidirectional sliding wear of Dual Phase HSS 
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… and Quinn´s oxidative wear model does not explain 
the relation found between W and f … 
II. Unidirectional sliding wear of Dual Phase HSS 
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v=1m/s, f= 10Hz 
Frictional heating “from the point of view of the disc”… 
II. Unidirectional sliding wear of Dual Phase HSS 
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Wear rate 
Surface flash temperature 
19 
New oxidative wear model 
for the discontinuos contact  
of the disc… Frictional heating rise contact 
points and an oxide grows until  
thickness is critical and 
delaminates 
 
+ time to achieve critical oxide is 
proportional to 1/f 
+ flash temperature is proportional 
to sliding speed and frequency 
contact 
 
Consequences:  
 Debris are oxide particles  
 W ~ 1 / frequency 
 W ~ exp (1/ √speed) 
II. Unidirectional sliding wear of Dual Phase HSS 
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This new oxidative wear model for the discontinuos contact  
of the disc explains the relation between wear rate and 
sliding speed at lower contact frequencies … 
II. Unidirectional sliding wear of Dual Phase HSS 
Advanced Steels: Challenges in Steel Science and 
Technology, Madrid, 18-19  September 2014 
 
I. Garcia , Wear behavior of HSS in 
discontinuous sliding contact conditions  
 
21 
0 5 10 15 20
0
5
10
15
20
25
Sliding speed       
 0.1 m/s                          
 0.2 m/s                          
 0.5 m/s                           
 0.6 m/s                        
 1 m/s                             
 2 m/s                              
fit to (P1/f)*exp(-P2/v
1/2
)
 
 
W
e
a
r 
ra
te
(x
1
0
-4
m
m
3
/N
·m
)
Contact frequency (Hz)
… and also explains the relation between wear rate and 
contact frequencies … 
II. Unidirectional sliding wear of Dual Phase HSS 
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Sliding wear rate (0.1 – 3 m/s) of Dual Phase steel is… 
 … dominated by oxidative wear mechanism  
 … but Quinn´s model (W ~ 1 / speed) is not valid to 
 explain the wear  rate of the disc … 
 
… a new oxidative model is proposed to explain the relation 
between wear rate and … 
 …sliding speed (W ~ exp (1/ √speed) 
 …contact frequency (W ~ 1 / frequency) 
 
 
II. Unidirectional sliding wear of Dual Phase HSS 
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 My conclusions  
 
There are still work to do on the wear of High Strenght 
Steel to understand… 
 
• Effect of microestucture 
 
• Effect of debris and tribolayer behaviour  
 
• Effect of speed and contact frequency on 
discontinuos sliding wear 
 
 
BLOCK-ON-RING RECIPROCATING BALL/PIN-ON-DISC 
http://www.cenim.csic.es/copromat/ 
COPROMAT Wear lab 
facilities: 
Bruker-CETR 
•2 units UMT-2 
•Loads: 100 mN – 200 N 
•Test geometries: 
•Reciprocating 
•Ball/Pin-on-Disc 
•Block-on-Ring 
•Tribocorrosion 
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Creep resistant martensitic/bainitic steels  
J. Hald 
The martensitic creep resistant 9 Cr steels, Grades 91 and 92 for steam pipework 
and FB2 and CB2 for large forgings and castings, allow construction of steam power 
plants with advanced live steam parameters up to 300 bar and 600⁰C. Improved 
creep strength of these alloys as compared to earlier martensitic grades is due to 
precipitation hardening by fine MN nitrides based on V and Nb. Precipitation of Z-
phase nitrides (CrMN) may cause instabilities in long-term creep strength of current 
martensitic 9-12%Cr creep resistant steels, since the fine MN nitrides are gradually 
replaced by coarse Z-phase particles during creep. 
Z-phase precipitation is strongly accelerated by increased contents of Cr, Co and Ni 
in the steels. MN strengthened 12Cr martensitic steels experience creep instability 
within 5,000-30,000 hours at 600-650⁰C, whereas 9Cr steels are normally stable in 
long-term creep.  
Z-phase forms only by transformation of pre-existing MN nitrides, which pick up Cr 
from the steel matrix, fig. 1. The accelerating effect of Cr on Z-phase formation is 
well explained by thermodynamic modelling, while the mechanism of acceleration by 
Co and Ni remain unclear. 
The detrimental effects of Z-phase on creep performance could be overcome by 
10Cr steels, which cannot form Z-phase due to very low N content; or by low C 11-
12Cr steels, where fine Z-phases based on CrTaN on CrNbN are used as 
strengthening agents.  
 
 
Fig. 1: Atomic scale images of the transformation of a cubic TaN (a) into a tetragonal 
CrTaN Z-phase (d). Double atomic layers of Cr (dark) form in the MN crystal.
Creep resistant martensitic/bainitic steels
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Lyngby, Denmark
jhald@mek.dtu.dk
Advanced steels: Challenges in Science & Technology
September 18, 2014, Madrid, Spain
34th MPA Seminar, October 9 and 10, 2008, Stuttgart2 DTU Mechanical Engineering, Technical University of Denmark
Steel based USC power plants
Steam parameters
• 300 bar/600-620ºC
Efficiency
• 43-47% vs. 40-45% for SC plant
High temperature materials
Boiler:
• T23/T24 bainitic furnace panels
• 18-20Cr austenitic superheaters
• P92 headers and steam pipes
Turbine:
• FB2 forgings
• CB2 castings
Better martensitic steels than P92/FB2/CB2 would enable 
increased steam parameters and efficiencies close to 50%
Plant sizes up to 1.2GW
34th MPA Seminar, October 9 and 10, 2008, Stuttgart3 DTU Mechanical Engineering, Technical University of Denmark
State of the art martensitic steels
• 105 h Rupture strength at 600ºC doubled over the last 30 years 
• New steels P92 and COST FB2/CB2 based on 9Cr with V, Nb, N, (W), B
• Long term creep tests to 105 hours document stable microstructure 
• Introduced in commercial plants at 300 bar/600ºC bar live steam 
 
 
Mass % 
Steam pipe steels Turbine steels 
12CrMoV P91 P92 Steel E/F Steel FB2 Steel CB2 
C 0.2 0.1 0.1 0.1 0.13 0.12 
Mn 0.5 0.5 0.5 0.5 0.8 0.9 
Cr 11 9 9 10 9 9 
Mo 0.9 0.9 0.5 1/1.5 1.5 1.5 
W - - 1.8 1/0 - - 
Ni 0.5 0.1 0.05 0.6 0.15 0.15 
Co - - - - 1 1 
V 0.3 0.2 0.2 0.2 0.2 0.2 
Nb - 0.05 0.06 0.05 0.05 0.06 
N - 0.06 0.06 0.05 0.02 0.02 
B - - 0.001 - 0.0085 0.011 
Austenitisation 1050C 1050C 1065C 1070C 1100C 1100C 
Pre tempering - - - 570C 570C - 
Tempering 750C 750C 770C 690C 710C 730C 
ChB 600/10/ 5
  59 MPa 90 MPa 113 MPa 95 MPa 125 MPa 125 MPa 
 
34th MPA Seminar, October 9 and 10, 2008, Stuttgart4 DTU Mechanical Engineering, Technical University of Denmark
Martensitic steel for 650ºC steam
Requirement for 325 bar/650ºC power plant:
• Doubling of strength compared to P92/FB2/CB2 and increase of Cr content to 
11-12% for resistance against steam oxidation
All attempts to develop martensitic 11-12%Cr steels have failed due to 
breakdown in long-term creep stength!
Consequently: Focus on qualification of Ni alloys for 700ºC (AD700, A-USC)
34th MPA Seminar, October 9 and 10, 2008, Stuttgart5 DTU Mechanical Engineering, Technical University of Denmark
9-12%Cr steels – MX strengthening
• Tempered martensite strengthened by precipitated particles
• All new steels since P91 contain 0.2-0.25%V; 0.05-0.07%Nb and 0.03-
0.07%N due to results by Fujita
• Particle strengthening by fine  and stable (V,Nb)N nitrides important element 
of creep strength 
Fujita et. al. 1981
• (V,Nb)-nitrides may be replaced by the more stable Z phase (Cr(V,Nb)N)
34th MPA Seminar, October 9 and 10, 2008, Stuttgart6 DTU Mechanical Engineering, Technical University of Denmark
Z-phase Cr(V,Nb)N in martensitic steels
1987: Schnabel et. al:
• Z-phase found in 11%Cr martensitic steel X19 CrMoVNbN 11 1
1996: Vodarek and Strang:
• Investigations of similar 12CrMoVNbN steels
• Modified Z-phase may dissolve MX and cause breakdown in 
strength 
34th MPA Seminar, October 9 and 10, 2008, Stuttgart7 DTU Mechanical Engineering, Technical University of Denmark
Z-phase Cr(V,Nb)N in martensitic steels
0.2 μm
2004: Hald and Danielsen: 
Investigations of a number of 9-12%Cr steels (commercial and experimental): 
• Increasing Cr content strongly accelerate precipitation of Z-phase and 
breakdown in strength
• Main reason for lack of success to develop strong and stable 11-12% Cr 
steel
• 9% Cr steels largely unaffected up to long times at 600ºC
34th MPA Seminar, October 9 and 10, 2008, Stuttgart8 DTU Mechanical Engineering, Technical University of Denmark
Z-phase Cr(V,Nb)N in martensitic steels
Cipolla et. al. 2010:
Investigations of low C 12CrVNbN 
model alloy
(V,Nb)N gradually changes into 
Cr(V,Nb)N Z-phase
34th MPA Seminar, October 9 and 10, 2008, Stuttgart9 DTU Mechanical Engineering, Technical University of Denmark
Z-phase Cr(V,Nb)N in martensitic steels
Danielsen et. al. 2013:
Investigations of low C 9CrVNbN 12CrVNbN model alloys:
• Z-phase formation in 12Cr steels much faster than in 9Cr steels
• 12Cr nose at 650ºC 9Cr nose at 600ºC
Similar results on commercial steels by Sawada et. al. in 2007
34th MPA Seminar, October 9 and 10, 2008, Stuttgart10 DTU Mechanical Engineering, Technical University of Denmark
Z-phase Cr(V,Nb)N in 9Cr martensitic steels
Grade 91: 
• Sawada et. Al. (2014)
Z-phase formation in steel with 0.28 wt% Ni (MCG) vs. 0.04 wt% Ni (MgC)
• Panait et. Al. (2010); Cipolla et. Al. (2010): 
Very low Z-phase in P91 with 0.11 and 0.12 wt%Ni after creep >100 kh /600ºC
Vodarek and Strang (1996):
• Ni (0.5-1.7wt%) accelerate Z-phase formation in 12Cr steel
K. Sawada, H. Kushima, T. Hara, M. Tabuchi, K. Kimura, Materials Science 
and Engineering A, 597, 164-170 (2014)
34th MPA Seminar, October 9 and 10, 2008, Stuttgart11 DTU Mechanical Engineering, Technical University of Denmark
Developments of martensitic steels 
for 650ºC
9-10Cr steels 
(TAF, MARBN, MARN, BH Steel)
• Good possibilities to obtain high 
strength
• Optimization of B and N
9Cr3Co3WVNbNB
• Low carbon content
9Cr2Co2.5W0.2MoVNbNB
But
• Need for surface coating
(Expensive, quality problems?
new damage risks?)
12Cr steels (e.g. NF12)
• 12Cr2.5W0.2Mo2.5CoVNbNB 
All test alloys show microstructure 
instability in long-term creep
650ºC
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34th MPA Seminar, October 9 and 10, 2008, Stuttgart12 DTU Mechanical Engineering, Technical University of Denmark
Z-phase Cr(V,Nb)N in 9Cr martensitic steels
P92 TAF
Mass % NIMS NPM1 NPM2
C 0.11 0.18 0.078 0.074 0.090
Si 0.10 0.50 0.31 0.29 0.30
Mn 0.45 1.0 0.49 0.44 0.51
Cr 8.82 10.5 8.88 9.26 9.26
Mo 0.47 1.5 - - -
W 1.87 - 2.85 2.84 2.92
Ni 0.17 0.1 - 0.06 -
Co - - 3.00 2.95 2.88
V 0.19 0.2 0.20 0.21 0.20
Nb 0.06 0.15 0.051 0.056 0.050
Ti - - - - -
N 0.047 0.02 0.0079 0.013 0.010
B 0.0020 0.0400 0.0135 0.0120 0.0100
Norm 1070⁰C 1150⁰C 1150⁰C 1150⁰C 1150⁰C
Temp 780⁰C 700⁰C 770⁰C 770⁰C 770⁰C
MARBN
MARBN Steel: 9Cr3W3CoVNb  - Optimised B and N
Similar stength as TAF
34th MPA Seminar, October 9 and 10, 2008, Stuttgart13 DTU Mechanical Engineering, Technical University of Denmark
Z-phase Cr(V,Nb)N in 9Cr martensitic steels
MARBN Steel: 9Cr3W3CoVNb  - Optimised B and N
• Some heats prone to Z-phase formation 
• Could be effect of Co
Helis et. al. 2008; Kaufmann et. al. 2008:
Co accelerates Z-phase formation in 9Cr steels
Mayr et. al. 2011
34th MPA Seminar, October 9 and 10, 2008, Stuttgart14 DTU Mechanical Engineering, Technical University of Denmark
Z-phase Cr(V,Nb)N in 9Cr martensitic steels
P92 TAF BH
Mass %
C 0.11 0.18 0.03
Si 0.10 0.50 0.36
Mn 0.45 1.0 0.49
Cr 8.82 10.5 9.12
Mo 0.47 1.5 0.15
W 1.87 - 2.40
Ni 0.17 0.1 0.01
Co - - 1.8
V 0.19 0.2 0.20
Nb 0.06 0.15 0.05
Ti - - -
N 0.047 0.02 0.050
B 0.0020 0.0400 0.0060
Norm 1070⁰C 1150⁰C 1050⁰C
Temp 780⁰C 700⁰C 780⁰C
BH steel: Low C 9Cr2.4W1.8CoVNbNB
• Stronger than TAF despite high N
• More stable than MARBN – Lower Co
34th MPA Seminar, October 9 and 10, 2008, Stuttgart15 DTU Mechanical Engineering, Technical University of Denmark
Z-phase Cr(V,Nb)N in 9Cr martensitic steels
BH steel: low C 9Cr2.4W1.8CoVNbNB
• Show Z-phase after 50,000 h / 650°C
• Similar strength as TAF after 80,000h / 650°C
• Higher stability than MARBN due to lower Co
34th MPA Seminar, October 9 and 10, 2008, Stuttgart16 DTU Mechanical Engineering, Technical University of Denmark
Thermodynamic equilibrium model of the 
Z-phase
Danielsen and Hald 2007:
0.10C-0.06Nb-0.21V-0.06N (wt% bal. Fe) 0.10C-0.06Nb-0.21V-0.06N (wt% bal. Fe)
• Z-phase equilibrium nitride in all new 9-12%Cr steels
• Thus: Differences in Z-phase precipitation rate explains observed differences 
in creep stability
• Effect of chemical composition on Z-phase precipitation rate can be 
estimated by driving force calculations - strong effect of Cr 
• C reduces driving force by formation of Cr carbides
• Some effect of Co 
• No strong effect of Ni on driving force – mechanism unknown
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34th MPA Seminar, October 9 and 10, 2008, Stuttgart17 DTU Mechanical Engineering, Technical University of Denmark
Implications for alloy development
• Martensitic steels relying on (V,Nb) carbonitrides for strength
may suffer from accelerated Z-phase precipitation and loss of 
creep strength if they contain:
• 10-12 wt%Cr (depending on C content) 
• 9wt%Cr and Ni > 0.2 wt%
• 9wt%Cr and Co >1.8 wt%
Ways forward: use Z-phase or avoid it
34th MPA Seminar, October 9 and 10, 2008, Stuttgart18 DTU Mechanical Engineering, Technical University of Denmark
The Z-phase nucleation mechanism
•Z-phase never forms during tempering even though it is more stable than MN
•Z-phase forms by Cr diffusion into MN nitrides
•Z-phase forms only from MN nitrides
Danielsen and Hald 2009
12%Cr steel after 660ºC/12,000 hours
 
34th MPA Seminar, October 9 and 10, 2008, Stuttgart19 DTU Mechanical Engineering, Technical University of Denmark
The Z-phase nucleation mechanism
Z-phase forms by Cr in-diffusion to MX 
Danielsen, Hald and Somers  2011
34th MPA Seminar, October 9 and 10, 2008, Stuttgart20 DTU Mechanical Engineering, Technical University of Denmark
Martensitic steel strengthened by Z-phase
• Idea: accelerate Z-phase formation to suppress harmful growth
12CrVNbN steel
• 12Cr steel Z650
• Each MN turns into one Z-phase particle
• Coarsening of Z-phase predicted to be slow
• Steel immune to dissolution of strengthening nitrides
As tempered             Nucleation                  Growth
MN Z
MN Z
34th MPA Seminar, October 9 and 10, 2008, Stuttgart21 DTU Mechanical Engineering, Technical University of Denmark
Martensitic steel strengthened by Z-phase
• Alloy design by thermodynamic model to accelerate Z-phase formation as 
much as possible (increase driving force for Z-phase formation)
• Low C and Cr as high as possible
• Use Z-phases based on CrNbN or CrTaN
12Cr-0.2N-0.2(V+Nb) (at% bal. Fe) Z650: low C, 12%CrNbN
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34th MPA Seminar, October 9 and 10, 2008, Stuttgart22 DTU Mechanical Engineering, Technical University of Denmark
Martensitic steel strengthened by Z-phase
• Results on 12%Cr model steel confirm fine Z-phase particles
NF12 650ºC/17,000h 650ºC/8,000h 650ºC/17,000h 
Cr(V,Nb)N in NF12 CrNbN in 12%Cr model steel
34th MPA Seminar, October 9 and 10, 2008, Stuttgart23 DTU Mechanical Engineering, Technical University of Denmark
Martensitic steel strengthened by Z-phase
• Very fine Z-phase particles in 
experimental steel
• High Chromium content is no 
longer harmful, but instead a 
necessary element to obtain 
high microstructure stability
• Ongoing experiments to 
obtain high creep strength 
(challenging)
• If successful strength and 
oxidation resistance can again 
be combined in the same steel
(No need for coating)
• Possible pathway to affordable 
650ºC/325bar steam power 
plant all based on steel12%CrTaN experimental steel after 650ºC/10,000h
34th MPA Seminar, October 9 and 10, 2008, Stuttgart24 DTU Mechanical Engineering, Technical University of Denmark
Implications for alloy development
• Ways forward: use the Z-phase or avoid it
34th MPA Seminar, October 9 and 10, 2008, Stuttgart25 DTU Mechanical Engineering, Technical University of Denmark
N free steel – Belgorod (ECCC 2014)
• Based on modified version of TOS110 steel (Tsuda et. Al. 1998)
• Low N combined with Ti – prevent formation of (V,Nb) Nitrides => No Z-phase
• High boron stabilizes carbides
• Very high creep stability up to 35,000 h at 120MPa/650ºC
P92 TAF Belgorod
Mass %
C 0.11 0.18 0.10
Si 0.10 0.50 0.06
Mn 0.45 1.0 0.10
Cr 8.82 10.5 10.0
Mo 0.47 1.5 0.70
W 1.87 - 2.0
Ni 0.17 0.1 0.17
Co - - 3.0
V 0.19 0.2 0.20
Nb 0.06 0.15 0.05
Ti - - 0.01
N 0.047 0.02 0.003
B 0.0020 0.0400 0.0080
Norm 1070⁰C 1150⁰C 1060⁰C
Temp 780⁰C 700⁰C 770⁰C
34th MPA Seminar, October 9 and 10, 2008, Stuttgart26 DTU Mechanical Engineering, Technical University of Denmark
N free steel – Belgorod (ECCC 2014)
Stronger than TAF – possible way forward
34th MPA Seminar, October 9 and 10, 2008, Stuttgart27 DTU Mechanical Engineering, Technical University of Denmark
Summary
• Stronger 11-12%Cr steels key to affordable advanced USC power plants
• Z-phase precipitation in MN strengthened in 9-12%Cr steels explains 
poor microstructure stability and loss of long-term creep strength.
• Z-phase precipitation is strongly accelerated by increased contents of Cr.
• Z-phase precipitation can affect 9Cr steels within 100,000 hours at 600-
650⁰C caused by contents of Ni or Co. 
• Z-phase forms (slowly) by transformation of pre-existing MN nitrides, 
which pick-up Cr from the steel matrix. 
• Thermodynamic modelling provides a good explanation of the 
acceleration of Z-phase formation by increased Cr content.
• Mechanisms for acceleration by Ni is not well understood.
• Stable high Cr martensitic steels should either be based on suppressing 
Z-phase formation (low N steel) or on strengthening by other precipitates 
than MN. This could include using the Z-phase itself as a strengthening 
agent. 
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Dr Pedro Rivera obtained his PhD in 2002 from the University of Cambridge and 
then moved to Delft University of Technology where he became a tenured Assistant 
Professor. In 2009 he moved back to Cambridge taking post as Assistant Director of 
Research in the Department of Materials Science and Metallurgy. He heads a group 
a group of approximately 15 doctoral students, postdocs and a technician. He is 
Deputy Director of the SKF University Technology Centre for Steels (SKF UTC). 
His work has focused on the development of theory and computational models to 
design microstructures and new alloys. In the last ten years, he developed genetic 
optimisation models combining thermodynamics and kinetics to tailor microstructures 
and conceive new alloys and heat treatments; the work was successfully applied to 
design new stainless steels for landing gear, superbainite and hydrogen resistant 
steels. His work on plastic deformation of metals has also led to a thermostatistical 
description of plasticity for scales ranging from nanocrystalline metals to single 
crystals. Such description has proved useful in relating the mechanical response of 
alloys to strain rate, temperature and composition, and has been implemented by 
companies such as ArcelorMittal. The theory has been incorporated to commercial 
software Matcalc. 
Dr Rivera is author to ~100 articles in peer reviewed journals, 2 patents and is 
currently principal investigator in grants amounting €2.6 million. His group has 
received several international prizes, including the 2013 Vanadium Prize for the 
conception of ultra-hard hydrogen-resistant bearing steels. 
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Hydrogen embrittlement in complex microstructures  
P. Rivera 
Hydrogen embrittlement is a persistent unresolved problem in advanced ultra-strong 
structural steels. The problem is particularly prominent at the moment since (1) novel 
steel alloys are being introduced to industries such as automotive and aerospace, 
and (2) hydrogen storage represents a challenge for such “clean” technology. Even 
the fundamental mechanisms underlying hydrogen embrittlement are still a question 
of debate. This presentation introduces a novel high carbon steel combining ultra-
hardness with hydrogen resistant. The alloy was 100% designed employing 
computational thermodynamics and kinetics models, subsequently cast and tested, 
demonstrating that hydrogen trapping was approximately increased by three orders 
of magnitude by adding a fine dispersion of vanadium carbide nanoprecipitate 
particles.  
A large effort in developing fundamental understanding and technological solutions 
to hydrogen embrittlement is also presented. The EPSRC-funded €8 million HEmS 
programme includes the universities of Oxford, Cambridge, Sheffield, Kings College 
and Imperial College. The presenter is the programme leader for microstructural 
design (http://www.hems.ox.ac.uk). The strategies for the conception of hydrogen 
resistant steel microstructures will be presented.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Ingress of hydrogen in ultra-strong steels (left panel). Egress of hydrogen via 
cracking caused by an indentation (right panel). Hydro-hardness method to visualise 
hydrogen in steels proposed by Szost and Rivera, Scripta Materialia 68 (2013) 
467–470. 
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mechanisms in nanostructured steels. Metallurgical and Materials Transactions 
A: Physical Metallurgy and Materials Science, 44(10):4542–4550, 2013 
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B.A. Szost, R.H. Vegter, and P.E.J. Rivera-Diaz-del-Castillo. Developing bearing 
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HOW DOES HYDROGEN ALTER PROPERTIES? 
The influence of H on fatigue life (Ciruna, 1973).     
HOW DOES HYDROGEN ALTER PROPERTIES? 
  
 
 
Hydrogen embrittlement flaking mechanism (Kino, 2003). 
HOW DOES HYDROGEN ALTER MICROSTRUCTURE 
It is generally known that diffusible hydrogen causes damage rather than trapped hydrogen... 
  
 
 
HOW FAST THIS CAN HAPPEN? 
Diffusivity of hydrogen in high-carbon steel is  
D = 2.2 × 10-7 cm2 s-1  
Approximate time for hydrogen to diffuse 
1 mm at given temperatures is: 
  
 
 
What strategies ensure hydrogen 
deleterious effect can be minimised? 
 
How can this be achieved? 
  
 
 
HYDROGEN TRAPPING 
  
 
 
HYDROGEN TRAPPING 
 (Takahashi, 2010).  
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Patent No. 2012E00137 NL: “Hydrogen resistant bearing steel” 
KINETIC MODELLING OF 100Cr6 + 0.5 wt% V (GB) BY USING MATCALC 
TEM INVESTIGATIONS ON 100Cr6 + 0.5 wt% V (GB) 
TEM INVESTIGATIONS ON 100Cr6 + 0.5 wt% V (GB) 
October 30, 2007  © SKF Group  Slide 19  
Schematic cell for hydrogen charging:   
A constant current is applied between the anode and cathode  
and atomic hydrogen is formed at the steel surface following the reaction: 
H3O+ + e- => H(atomic) + H2O 
HYDROGEN ANALYSIS 
THERMAL DESORPTION ANALYSIS:  MELT EXTRACTION TECHNIQUE:  
HYDROGEN CHARGING CELLS:  
HYDROGEN ANALYSIS AT SKF IN THE NETHERLANDS 
188 °C  219 °C  188 °C  219 °C  
(Tmax = 219 °C)  
(Tmax = 219 °C)  
(Tmax = 188 °C)  
(Tmax = 227 °C)  
(Tmax = 219 °C)  
(Tmax = 188 °C)  
(Tmax = 188 °C)  
(Tmax = 188 °C)  
Total hydrogen: Trapped hydrogen: 
4.27 ppm 
1.64 ppm 
0.74 ppm 
0.75 ppm 
5.67 ppm 2.21 ppm 
2.14  ppm 
1.19  ppm 
“Thermal desorption analysis” 
 Grade                      C      Si      Mn     Mo     Cr      Ni       Al      Cu       V      Co                          
SB200 & SB300   0.82  1.56   2.03   0.250   0.98     -      1.010     -         -     1.52 
100Cr6                  0.97  0.28   0.28   0.056  1.38   0.18   0.042   0.21      -        - 
100Cr6+0.5V        0.99  0.27   0.28   0.093  1.42   0.01   0.003   0.25    0.55    -       
ANALISED STEELS 
Table 1. Chemical compositions in wt% 
SB200 
SB300 
100Cr6 
100Cr6+0.5V 
MELT EXTRACTION AND THERMAL DESORPTION 
ANALYSIS 
MELT EXTRACTION RESULTS 
MELT EXTRACTION RESULTS 
A : Additional annealing at 500 °C was applied for reducing the amount of retained austenite 
O: The specimens were not subjected to H-charging   
THERMAL DESORPTION RESULTS 
MELT EXTRACTION VS THERMAL DESORPTION RESULTS 
THERMAL DESORPTION RESULTS 
MECHANICAL TESTING  
AFTER HYDROGEN CHARGING 
 
ROLLING CONTACT FATIGUE – 100Cr6 
100Cr6 (G3-1_H) 
ROLLING CONTACT FATIGUE – 100Cr6 (G3-2_H) 
HYDRO-HARDNESS TEST – 100CR6 
HYDRO-HARDNESS TEST – 100Cr6 
HYDRO-HARDNESS TEST – 100Cr6+0.5V 
HYDRO-HARDNESS TEST – SB200  
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mechanisms in nanostructured steels. Metallurgical and Materials Transactions 
A: Physical Metallurgy and Materials Science, 44(10):4542–4550, 2013 
B.A. Szost and P.E.J. Rivera-Diaz-del-Castillo. Unveiling the nature of hydrogen 
embrittlement in bearing steels employing a new technique. Scripta 
Materialia, 68(7):467–470, 2013 
B.A. Szost, R.H. Vegter, and P.E.J. Rivera-Diaz-del-Castillo. Developing bearing 
steels com- bining hydrogen resistance and improved hardness. Materials and 
Design, 43:499–506, 2013 
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Lars-Erik Svensson obtained his PhD in Materials Science at Chalmers University of 
Technology, Sweden in 1979. He was employed by Esab in 1982 and worked there 
until 1999, mainly with research on welding metallurgy and mechanical properties. 
From 1999 to 2010 he worked for Volvo AB as welding specialist. From 2004 to 2010 
he was adjunct professor at Chalmers University of technology. From 2010 he is 
professor in production technology at University West in Sweden. The welding group 
at University West consists of about 20 persons covering a wide field of welding 
research, including simulation of the welding arc and weld pool, welding metallurgy, 
residual stress calculations and additive manufacturing. 
He has authored and co-authored around 70 papers and one book. 
 
  
Welding of high strength steels 
Lars-Erik Svensson 
High strength steels are finding increasing applications in industry and there is a 
broad range of steels. One key aspect for a successful use of these steels is the 
possibility for joining them in an efficient way, while still maintaining adequate 
mechanical properties. In the paper, a number of different cases where high strength 
steels are welded and the impact of this will be discussed. For example the effect of 
welding on the modern thin sheet boron steels used in automotive industry will be 
presented. The development of modern welding consumables to match strength of 
quench and tempered steels will be discussed as well as the influence of different 
welding methods on the mechanical properties of joints in such steels. Also steels 
with high carbon content will be discussed from a weldability perspective. 
 
 
  =10 µm; BC+E1-3; Step=0.1 µm; Grid501x501 =10 µm; BC+E1-3; Step=0.1 µm; Grid501x501
 
Fig. 1: EBSD analysis of high strength weld metals having high impact toughness 
(left) and low impact toughness (right). 
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Computational Alloy design based on thermodynamics, 
metallurgical principles and genetic algorithms.  
Sybrand van der Zwaag, Wei Xu and Mr Qi Lu 
This presentation aims to introduce a study into the design of creep resistant 
precipitation hardened austenitic steels using an integrated thermodynamics based 
model in combination with a genetic algorithm optimization routine. The key 
optimisation parameter is the secondary stage creep strain at the given service 
temperature and time, taking into account the coarsening rate of MX carbonitrides 
and its effect on the threshold stress for the secondary creep. The critical creep 
strength to reach a maximal allowed creep strain (taken as 1%) at a given service 
temperature - time combination is formulated and maximized. 
The model was found to reproduce the properties of existing precipitation hardened 
austenitic creep resistant steels with very good accuracy. The wider exploration of 
the compositional domain involving 7 alloying elements and an adjustable 
austenisation temperature, led to the definition of new alloy compositions predicted 
to have substantially better properties at 650 °C (both for short, medium and long 
service times) than the existing commercial steel grades. 
 
 
 
 
Fig.1: Creep Life time improvement factor at a stress of 150 MPa and a temperature 
of 650 °C for some existing steels (normalised to Steel 321H) and 2 of the newly 
designed alloys (Alloy 1 and  Alloy 3). 
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alloy design exercise
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1. a proper Translator module
2. a proper Creator module
5Designing Ultra High Strength and
Corrosion Resistant Steels 
for Aircraft Landing Gear
This part was done in collaboration with Pedro Rivera, TU Delft
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8Desirable microstructures, the TRANSLATOR 
Matrix: Lath martensite
Precipitates
MX Cu NiAl Ni3Ti
surface
The translator
September 19, 2014 9
1) a fully martensitic structure
2) no undesirable phase formation during tempering
3) a Cr level > 12 %
4) a maximum amount of precipitates of the 
right dimension (and desired type)
Constraints
Optimisation 
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The precipitate strengthening factor
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The periodic table and useful elements
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The search domain 
for composition and temperature
C Cr Ni Ti Mo Al Cu Co Nb N V Mn Si Tage Taus
Min 0.05 12.00 1.00 0.01 0.50 0.01 0.50 0.01 0.01 0.01 0.01 0.50 0.30 693 1223
Max 0.20 20.00 15.00 1.50 10.00 1.00 10.00 2.00 0.10 0.01 0.20 0.50 1.00 848 1533
12/21
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Optimal Aging temperature prediction for existing steels
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The final result for the Cu precipitate 
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The new alloy
A more complex case :
the design of austenitic creep 
resistant steels
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creep resistant steels
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A high strength  at a 
high temperature for a 
long time
An fully Austenitic matrix with: 
-a high fraction of non-
coarsening precipitates, 
- no undesirable phases
- a good corrosion resistance
The new optimisation parameter
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So: the optimisation function is now :
- a function of the intended use time (explicit) and 
- a function of the use temperature (implicit in K)
r=precipitate size, f=fraction, K=coarsening rate, t=time
with
Translating the precipitation hardening
to the creep failure condition
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Transfering the threshold stress to the 
creep failure condition
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The results for 3 use-times @ 650 C
22
Mn and Si levels are fixed at 1.0 and 0.5% respectively
105 hours C Cr Ni Ti Mo Cu Nb N Taus(oC)
0,051 17,58 17,87 0,17 0,10 0,10 0,01 0,055 1185,5
10 hours C Cr Ni Ti Mo Cu Nb N Taus(oC)
0,015 16,29 24,45 0,23 0,10 1,05 0,01 0,06 1250
103 hours C Cr Ni Ti Mo Cu Nb N Taus(oC)
0,019 16,29 22,81 0,20 0,10 0,89 0,01 0,064 1161,3
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coarsening in newly designed alloys
Commercial
alloys
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Threshold stress evolution
Allowed stress (stress to reach 1% strain) 
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Comparison with existing alloys
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Designing solid solution strengthened
ferritic creep steels
Design solid solution strengthened ferritic 
heat resistant steel
650ss i i
i
a K Cσ = ∑
σ
ss 
: the strength owing to solid solution strengthening, 
K
i
: strengthening coefficient for 1 at.% of alloying element i, 
C
i 
is atomic percent of alloying element i in the solution.
a650 is a scale factor at 650 °C 
Element C N Si Ni Ti Mn Mo Al Cr Co V W
Ki 1103 1103 25 19 18 17 16 9 2.5 2 2 32
Table 1 Strengthening coefficient for alloying elements at room temperature (MPa per at.%)
New steel versus existing steel grades
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C N Si Ni Ti Mn Mo Al Cr Co V
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SSS
C
Alloy 
Fer
0,00 0,00 6.1 4.8 2.0 10,0 2.0 10,0 12.1 0 1.7 969 612
Combining solid solution strengthening 
and precipitation hardening 
in Martensitic steels 
Martensitic creep steels
Precipitation 
hardening
Solid solution 
strengthening
StableTime dependent
Creep strength
Methodology: Constructing a 'Pareto front'
[1] Hart GLW. Computational materials science: Out of 
the scalar sand box. Nat. Mater. 2008;7:426.
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The results for 105 hours  650 C
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C Cr Ni Ti Mo Al Co Nb N V Taus SSSF PHF
Alloy PH 0.06 11,0 0.0 0,17 0,.0 1.4 10.0 0.3 0.02 0.01 1250 77 34
Alloy SSS 0.09 12,4 3,9 0.01 0.9 3.7 10.0 0.5 0.01 0.01 1137 195 7.2
Alloy PHSS 0.07 11,1 4,3 0,20 0.9 3.7 8.7 0.3 0.02 0.01 1250 188 31
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The results for 105 hours  650 C
SSF and PHF in computational units
Comparison of new and existing steel grades
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Q. Lu, W. Xu, S. van der Zwaag, Acta Materialia (2014). 
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Conclusions
1. The “Olsen” inverse alloy design approach is very 
powerful indeed !
2. Model based alloy design optimisation is only possible if 
apropriate TRANSLATOR and CREATOR modules can 
be formulated
3. A good and complete description of the final –and 
intermediate- microstructure is crucial in the optimisation
4. The predicted optimal solution should regarded as 
describing the ideal case and should be treated as the 
optimal starting point for detailed experimental 
investigations. 
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Air cooled bainitic steel design through tayloring of the 
transformation kinetics 
T. Sourmail, G. Auclair 
Although the possibility of using bainitic material for forged components has certainly 
been discussed decades ago, successfull industrial developments remain 
surprisingly few. With initial trials as early as 1985, Ascometal (today Asco 
Industries) has pioneered industrial applications of air cooled bainitic materials and is 
today the largest producer of such materials in Europe. The last years have clearly 
seen a growing interest for this type of materials, though it must be recognised that 
much remains to be done before they become as largely used as standard ferrite-
pearlite forging steels. 
One of the reasons for the difficulties in developping such materials lies in the 
complexity of the manufacturing routes of forged mechanical components. With a 
large number of steps and sometimes as many subcontractors, significant process 
variations are a reality that cannot be ignored. Thus, contrary to steel grades 
designed for processes with tightly controlled parameters (e.g. sheets), the 
composition of the alloy must be designed to strongly minimise sensitivity to process 
variations. The present paper discusses the relationship between bainite formation 
kinetics and robustness and illustrates how the sensitivity to cooling rate can be 
minimised with adapted alloy design. 
 
 
 
Fig.1 : Schematic illustration of the principle leading to reduced sensitivity to cooling 
rate when designing bainitic steels. Bars represent the time spent during air cooling 
over a 20 °C range around the temperature indicated on the x-axis, for 50 and 
80 mm diameter bars. Lines represent the duration of the bainite reaction at the 
temperature indicated in x-axis. If the former is greater than the latter, the 
transformation is expected to be completed over a single temperature interval. In the 
opposite case, the transformation will only reach its end over a larger temperature 
range.
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Experimental
 
Steel reference Manuf. Method C Si Mn Ni
A Indus. 0,18 0,9 1,5 0,1
B Lab. 0,18 0,4 1,6 0,1
C Indus. 0,27 1,1 1,5 0,1
Low-medium carbon
A: 18MnCrSiMoVB6 
Medium carbon
C: 28MnCrSiVB6 
D Lab. 0,27 0,5 1,7 0,5
E Indus. 0,30 0,8 1,2 0,2
F Lab. 0,31 0,4 1,7 0,2
CREAS T Madrid, 201419
Metasco 1200
B: 20MnCrMo7
Metasco MC2
D: 27MnCrMoVB7
T. Sourmail and V. Smanio,; Mater. Sci. Eng. A, 2013(582) p257
Cr Mo V Ti Nb B* Bs
1,5 0,2 0,18 0,023 - 34 517
1,6 0,3 - 0,024 0,108 - 495
0,9 0,1 0,05 0,022 - 32 553
Medium-high carbon
E: 30MnCrSiMoVB5 
1,3 0,5 0,15 0,018 0,050 31 458
1,1 0,1 0,19 0,027 - 31 553
1,0 0,3 0,01 0,002 - - 495
2014-190
Metasco D1200
F: 32MnCrSi6-6-4
Experimental
Pseudo forging 
40 mm dia bars
(and 16 - 160 mm)
(1150°C, air cooling)
CREAS T Madrid, 201420
Characterisation
2014-190
Mechanical properties on 40mm
 Steel 
reference YS / MPa UTS / MPa
A 752 1202
B 703 1179
C 643 1165
D 820 1388
E 720 1222
F 761 1261
CREAS T Madrid, 201421
Presence of martensite, particularly in grade D
All hardness measurements with Vickers indenter
T. Sourmail and V. Smanio,; Mater. Sci. Eng. A, 2013(582) p257
Hardness 
(30kg load)
Microhardness of 
martensitic areas 
(0,1 kg load)
374 -
356 458
349 -
412 526
374 -
359 539
2014-190
Origin of differences : kinetics
CREAS T Madrid, 201422 2014-190
Origin of differences : kinetics
18MnCrSiMoVB6
 t90% / s
A 54
CREAS T Madrid, 201423
T. Sourmail and V. Smanio,; Mater. Sci. Eng. A, 2013(582) p257
20MnCrMo7
27MnCrSiMoB6
27MnCrMoVB7
30MnCrSiMoVB5
32MnCrSi6-6-4
B 158
C 127
D 819
E 169
F 475
Vickers Hardness
410
2014-190
408
403
476*
413
418
Origin of differences : kinetics
CREAS T Madrid, 201424
H.H.D.H. Bhadeshia, Bainnite in Steels, 2001
T. Sourmail and V. Smanio,; Mater. Sci. Eng. A, 2013(582) p257
Calculated driving force 
for bainite formation 
well correlated with 
kinetics
2014-190
Origin of differences : kinetics
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Time
Origin of differences : kinetics
CREAS T Madrid, 201426 2014-190
Origin of differences : kinetics
CREAS T Madrid, 201427 2014-190
Origin of differences : kinetics
CREAS T Madrid, 201428 2014-190
Origin of differences : kinetics
Steel A entirely 
transforms within the 
temperature range 450-
470, for any diameter 
above ~50 mm
CREAS T Madrid, 201429
T. Sourmail and V. Smanio,; Mater. Sci. Eng. A, 2013(582) p257
2014-190
Origin of differences : kinetics
Steel B may not have 
finished transforming at 
400 °C where Ms is 
reached, for bars 
Ø50mm
CREAS T Madrid, 201430 2014-190
Industrial validation: grade E
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Industrial validation: crankshaft forging
 
Cooling condition Hardness (HB)
Forced air cooling - max 354
Individually air cooled 350
Air cooled in a box of 30-50 
components 349
CREAS T Madrid, 201432
YS / MPa UTS / MPa Approx cooling 
rate / °C/s
737 1202 1
726 1205 0,8
737 1246 nd
2014-190
Industrial validation: crankshaft forging
CREAS T Madrid, 201433
Variation through section : 353-
360 HB
2014-190
Conclusions
Bainitic forging steel grades with a microstructure 
consisting of a « majority » of bainite are easily 
achieved
With adapted design, it is possible to guarantee:
-Mechanical properties
-Reduced sensitivity to process variations 
CREAS T Madrid, 201434 2014-190
Bainitic steel grades : improved 
robustness
35 CREAS T Madrid, 2014 2014-190
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Development of new steel grades with improved mechanical 
properties by the addition of nanoparticles 
Zuriñe Idoyaga1, Lorena M. Callejo2 and Jacinto Albarrán1 
1 Gerdau I+D Europa, Barrio Ugarte s/n. Apdo. 152. 48970 – Basauri, Bizkaia (SPAIN).  
2 Fundación Tecnalia Research & Innovation, Industry and Transport Division, Steel Area.  
In this work, the design and manufacturing of new steel grades with improvement of 
their mechanical properties have been developed by the addition of nanoparticles in 
microalloyed steels. With this aim, the characterization of the most suitable 
nanoparticles, the most adequate techniques and conditions of addition to get a 
good dispersion, as well as the upscale of the process have been pursued. For the 
selection of nanoparticles (TiO2, CeS, ZrO2, CeO2…), some properties as misfit, 
size, thermal expansion coefficient, density, wettability and stability have been 
analysed.  An aim of the addition of nanoparticles to some microalloying steel grades 
has been to increase the tensile strength and the fatigue limit in some powertrain 
components as crankshaft and connecting rods manufactured by hot forging. On the 
other hand, another aim of the addition of nanoparticles has been to increase the 
toughness without decreasing the tensile strength of some steering components 
manufactured by cold forging. In this case, the influence of nanoparticles to nucleate 
acicular ferrite is also analysed. Moreover, the scale of the manufacturing process 
from laboratory to industrial level has been studied. The first manufactured heats of 
microalloyed steels with addition of nanoparticles were carried out in a vacuum 
induction furnace with a capacity up to 35 Kg. Afterwards, the process was scaled  
up to semi-industrial level, manufacturing an ingot of 3 t. and in a short time, the 
microalloyed steel with nanoparticles will be manufactured in continuous casting. 
 
 
 
 
 
Fig. 1: a) Acicular ferrite     b) Ferrite-pearlite 
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addition of nanoparticles 
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Advances Steels: Challenges in Steel Science & Technology 3 
Introduction 
Objective  
• Development of new ultra-fine grain steel grades and higher tensile 
strength by the addition of nanoparticles.  
• Increase of the knowledgement about the behaviour of nanoparticles  
(CeS, CeO2, ZrO2, TiO2...) in the steel, and also their addition 
technique.  
• Improvement of mechanical properties of automotive components 
through the addition of nanoparticles.  
5 Advances Steels: Challenges in Steel Science & Technology 
Coarse 
grain 
Fine grain 
Why the addition of nanoparticles? 
6 Advances Steels: Challenges in Steel Science & Technology 
• Thanks to nanotechnology, the addition of nanoparticles to the steel, 
it is possible to harden our steel through the following ways: 
– By grain refining 
• The quantity of nanoparticles 
• The small size 
 
 
– By precipitation hardening 
• The nanoparticles, as the precipitates, impide movement of dislocations, 
increasing the tensile and yield strength 
 
Why the addition of nanoparticles? 
 Advantages 
• The microstructure in final product is finer and with better 
mechanical properties (higher tensile strength and toughness, 
higher fatigue limit…) 
• Improvement in the nucleation of the acicular ferrite 
 
 Disadvantages 
• The high price of nanoparticles (TiO2, CeO2…) which increases 
the cost of manufacturing, minimum ~200 €/t acero. 
 
 
 
 
 
7 Advances Steels: Challenges in Steel Science & Technology 
– Small scale orders (even 1€/gr) 
– Large scale demand 
 
• The addition technique of nanoparticles to get a good 
homogenization.  
Europe USA 
TiO2: 24.5€/Kg (1000 Kg) TiO2: 12.7$/Kg (100Kg) 
TiO2: 22.9$/Kg (10Kg) 
CeO2: 105$/Kg  
Selection of nanoparticles 
Selection of nanoparticles 
• Misfit (%) 
• Inclusion size 
• Thermal expansion coefficient 
• Density 
• Wettability 
• Melting temperature and thermodynamic studies 
• Agglomeration 
• Manipulation risks 
• Price 
• Availability 
Advances Steels: Challenges in Steel Science & Technology 9 
Criteria of selection of nanoparticles comercialized nowadays 
Misfit – lattice disregistry 
• A small lattice misfit between inclusions and ferrite enhaces the 
nucleation of acicular ferrite because of a decrease in the interfacial 
energy in nucleation 
Advances Steels: Challenges in Steel Science & Technology 10 
Compound added Effectiveness 
CeO2 Very effective 
TiO2 Moderately effective 
Ti2O3 Least effective 
Inclusion size 
• The inclusion size for acicular ferrite nucleation should be between 
0.4 and 1 µm. 
• The probability for ferrite nucleation is increasing with inclusion size 
and reaches maximum at 1.0-1.1 µm. 
• If the inclusion size is less than 0.2 µm. The probability for ferrite 
nucleation is nearly zero 
Advances Steels: Challenges in Steel Science & Technology 11 
Effect of inclusion size on the 
probability of ferrite nucleation 
Wettability 
• Low contact angle → Good wettability between inclusion and steel 
• Higher wettability values and low reactivity will provide better particle 
dispersion in the steel grade matrix 
• The better the wettability between the steel and the particle, the 
better acicular ferrite nucleation possibilities 
Advances Steels: Challenges in Steel Science & Technology 12 
Thermal expansion coefficient – Density - 
Melting Temperature and Stability 
Advances Steels: Challenges in Steel Science & Technology 13 
1. For a good distribution of the nanoparticles  
2. For nucleation of acicular ferrite 
•If the thermal expansion coefficient difference 
between particles and austenite is large 
 
•The density of nanoparticles as close as 
possible to the density of melt steel 
 
•The melting temperature is high 
 
•The dissolution temperature is high 
 
 
 
 
 
 
 
 
 
Addition Technique 
Selection and quantity of nanoparticles 
15 Advances Steels: Challenges in Steel Science & Technology 
Taking into account all the criteria, the selected nanoparticles were 
the following ones: 
 
•  TiO2 
 
 
 
 
 
 
 
•  CeO2 
 
According to literature:  
•  percentage of addition must be between 0.5% and 1% 
•  higher percentages → agglomeration problems 
Spectrum O Ti Total 
s1 54.35 45.65 100.00 
Max.             54.35 45.65 
Min.             54.35 45.65 
Spectrum O Ce Total 
s1 26.13 73.87 100.00 
Max.             26.13 73.87 
Min.             26.13 73.87 
Addition methodologies: powder 
Advances Steels: Challenges in Steel Science & Technology 16 
Addition to mould: due to the low density of 
nanoparticles, it was not possible to place 
them in the crucible. 
•1% of TiO2 
•1%  of CeO2 
Addition methodologies: powder 
Advances Steels: Challenges in Steel Science & Technology 17 
It was not possible a good homogenization due to the low density of 
nanoparticles (0.13 – 0.18 gr/cm3) 
Aglomeration of 
nanoparticles in the 
upside 
Addition methodologies: powder 
Advances Steels: Challenges in Steel Science & Technology 18 
Spectrum O Al Si Ca Ti Mn Total 
s1 48.74 9.29 2.37 0.33 27.31 11.97 100.0 
Max.             48.74 9.29 2.37 0.33 27.31 11.97 
Min.             48.74 9.29 2.37 0.33 27.31 11.97 
Spectrum O Al Ti Mn Fe Total 
s1 53.10 8.20 35.36 3.33 100.00 
s2 47.75 50.74 0.83 0.69 100.00 
s3 2.43 97.57 100.00 
Max.             53.10 50.74 35.36 3.33 97.57 
Min.             47.75 8.20 0.83 0.69 97.57 
Addition methodologies: briquettes 
Advances Steels: Challenges in Steel Science & Technology 19 
Addition methodology in an industrial ingot: briquettes 
Process: 
•Compaction of 30 Kg. of nanoparticles of TiO2  
in briquettes of 300 gr.  
•Placing the briquettes hung on the lid of one 
of the molds of 3000 Kg.  
 
Addition methodologies: pellets 
Advances Steels: Challenges in Steel Science & Technology 20 
Change in the addition methodology: addition of nanoparticles in pellets  
pellets of microalloyed steel 
with n-TiO2 and n-CeO2 
Addition methodologies: pellets 
Advances Steels: Challenges in Steel Science & Technology 21 
Spectrum In stats. N Al Si Ti V Mn Fe Total 
s1 Yes 6.98 0.56 0.53 10.23 1.03 1.55 79.11 100.00 
Mean 6.98 0.56 0.53 10.23 1.03 1.55 79.11 100.00 
Std. 
deviation 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Max. 6.98 0.56 0.53 10.23 1.03 1.55 79.11 
Min. 6.98 0.56 0.53 10.23 1.03 1.55 79.11 
Some nanoparticles 
have been found 
well-dispersed. 
Addition methodologies: wire 
Advances Steels: Challenges in Steel Science & Technology 22 
Change in the addition methodology: nanoparticles as wire  
 “wires”  of microalloyed 
steel with n-TiO2 
Applications 
Aplications 
• The main aim of the addition of nanoparticles  to some steel grades is 
the following one: 
 
– Microalloying steels (ferrite-pearlite microstructure): to get higher tensile 
strength and fatigue limit. 
 
• Powertrain components (crankshafts,  
    connecting rods…manufactured by  
    hot forging)  
 
• Steering components (ball joints  
     manufactured by cold forging ) 
 
 
– Carburuzing steels: higher fatigue life, duplex grain removal in carburizing 
layers 
 
• Transmission and steering components   
 
Carburizing 
component inside 
24 Advances Steels: Challenges in Steel Science & Technology 
Example of hot forged component 
Advances Steels: Challenges in Steel Science & Technology 25 
The nanoparticles in this steel grade have the aim of improving the 
mechanical properties: tensile strength, yield strength and fatigue limit.  
Rail of common-rail  of 
microalloying steel 
Manufacturing and characterization of rails 
Advances Steels: Challenges in Steel Science & Technology 26 
Manufacturing of 
experimental heats of 35 Kg. 
with addition of powder 
Forging 
of ingot 
Turning +  
cutting 
Hot forging +  
control cooling 
Manufacturing and characterization of rails 
Advances Steels: Challenges in Steel Science & Technology 27 
Yield strength 
(MPa) 
Tensile 
stength (MPa) 
Increase 
of TS Microstructure 
standard 722 981 - Ferrite-pearlite 
with n-TiO2 732 1019 ≈ 4% Ferrite-pearlita 
with n-CeO2 778 1105 ≈ 13% Ferrite-pearlite with 10% of bainite 
 microalloying steel micro with n-TiO2  micro with n-CeO2 
Manufacturing and characterization of rails 
Advances Steels: Challenges in Steel Science & Technology 28 
bainite 
Analysis and Future Lines  
Analysis and Future Lines  
Advances Steels: Challenges in Steel Science & Technology 30 
•At experimental scale, through the nanotechnology, encouraging 
improvements have been found in the increase of mechanical properties 
in microalloying steels. 
 
•The highest difficulty lies in the methodology for addition of 
nanoparticles to melt steel.  
 
•The nanotechnology can offer the automotive sector, products of high 
mechanical properties at competitive prices.  
 
•In Gerdau we bet going on exploring to develop steel grades with 
addition of nanoparticles and to be able to manufacture them industrially 
in the continuos casting. 
Advances Steels: Challenges in Steel Science & Technology 31 
Thanks for your 
attention 
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GmbH, Germany. She received her PhD from Max-Planck institute for iron research 
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research interests are the development and optimization of multi phase steels and 
hot-rolled products by applying advanced characterization methods as well as 
simulation tools. 
 
 
  
Novel concepts for improving formability in steels for the 
automotive industry  
M. Bechtold 
Modern high strength steels like bainitic or ferritic-martensitic dual phase steels are 
standard materials for automotive applications and will also play an important role in 
future vehicle concepts. Their combination of high strength and good crash 
performance allows reducing thickness and thus weight without sacrificing 
passenger safety. However, there are increasing customer demands on specific 
properties beyond the standard, like hole expandability and edge crack sensitivity. 
One reason is that forming operations are becoming steadily more complex due to 
the integration of functions in formed parts. At highest strength levels, bainitic and 
dual phase steels can have limited formability. Considering novel advanced high 
strength steel concepts on the other hand, e.g. high or medium manganese steels, 
nano-bainite or nano-precipitation strengthened steels, one must not forget that 
industrial applicability on existing processing line needs to be feasible and that 
alloying costs should not exceed a tolerable maximum. In the light of these 
restrictions, several concepts are introduced that result in an improvement of 
formability of high strength multiphase steels. Special focus is laid on edge crack 
sensitivity. The most important metallurgical aspect in this regard is the hardness 
difference between the phases. A high hardness difference leads to excessive 
stress-strain partitioning and thus to early failure at the interfaces. Methods to reduce 
the hardness of martensite comprise the reduction of carbon and manganese 
content as well as tempering. Increasing the hardness of ferrite is achieved by grain 
refinement, solid solution or precipitation strengthening. Furthermore, the benefits of 
a variation of the bainite fraction are discussed. 
 
 
Fig. 1: Mechanical properties of two dual phase steels with varying carbon and 
silicon content. While the strength levels are almost equal for the DP600 steels and 
DP800 steels, the hole expansion ratio is increased considerably when silicon 
content is increased at the expense of carbon. This effect can be explained in terms 
of the reduced hardness difference between ferrite and martensite. 
Novel concepts for improving formability 
in steels for the automotive industry 
M. Bechtold, I. Denks, T. Schulz, S. Kluge
Workshop on Advanced Steels: Challenges in Steel Science & Technology
Madrid, September 19, 2014
Improving formability in steels for the automotive industry
2Workshop on Steel Science, Madrid 2014, M. Bechtold et al.
Overview
Introduction
Enhancing hole expansion in dual-phase steels
Fundamentals
Hole expansion test
Reasons for limited hole expandability
Strategies to improve hole expansion
Alloying concept 1: Reduction of C, addition of Si
Mechanical properties and microstructure
Alloying concept 2: Reduction of C and Mn, microalloying
Mechanical properties and microstructure
Fracture mechanisms
Side effect: weldability
Comparing high strength bainitic and dual-phase steels
Conclusions
Improving formability in steels for the automotive industry
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Introduction
www.salzgitter-flachstahl.de
Considering CO2 reductions and passenger safety, the demand for AHSS 
is steadily increasing
In the group of AHSS, DP (600 to 1000 MPa) steels are a standard 
material for automotive applications, in the past, present and future
Research on DP steels is driven by increasing customer demands on high 
strength and high formability
Ford Fusion / Mondeo BIW 
presented on the Euro Car Body 
Conference 2012 
by Morgans & Weber
Improving formability in steels for the automotive industry
4Workshop on Steel Science, Madrid 2014, M. Bechtold et al.
Introduction
Seat cross member, 
internal study
Front transverse link
Rear control arm 
Challenges in forming operations on high strength steels
Increasing complexity of formed parts
Integration of functions in formed parts
Thin sheets: high edge crack sensitivity
Edge cracking occurs during stretching, flanging or 
bending of stamped parts
Improving formability in steels for the automotive industry
5Workshop on Steel Science, Madrid 2014, M. Bechtold et al.
Enhancing hole expansion in DP steels: Fundamentals
Hole expansion test
Cutting punch: introduces 
dislocations at edges
Sample
Cut-off die
D0
Die
Dd
Testing punch: expands 
the pre-deformed hole
Sample
These tests are simplifications of the different component forming process steps
HER = (Dd - D0)/D0 x 100(%)
ISO 16630 (used in Salzgitter)
Conical testing punch 60°
Visual crack detection
Nakajima punch
Spherical testing punch
Visual and automated 
crack detection
Flat punch
Flat testing punch
Visual crack detection
Improving formability in steels for the automotive industry
6Workshop on Steel Science, Madrid 2014, M. Bechtold et al.
Reasons for limited hole expandability
General: Poor edge quality, sulphide inclusions, banded microstructure, (low yield ratio)
Controversial: effect of tensile strength, elongation, strain rate sensitivity, grain size on HE
Multiphase steels: High hardness difference between the phases 
(particularly ferrite/martensite DP steels)
Strong hardness gradients within ferrite grains
During forming: excess stress in martensite, excess stress in ferrite 
early failure at the ferrite/martensite interface
Enhancing hole expansion in DP steels: Fundamentals
Kernel avg. 
misorientation 
grain boundaries
Image Quality 
(grey scale)
Min Max
2 15
15 65
Min Max
0 2
grain boundaries
Min Max
2 15
15 65
Calcagnotto et al., MSE-A 527 (2011) 2738.
F
M
Improving formability in steels for the automotive industry
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Enhancing hole expansion in DP steels: Fundamentals
Strategies to improve hole expandability
Technical approach
Improve edge condition e.g. by laser cutting
Adjustment of cutting clearance, testing/forming speed etc.
Metallurgical approach
Reduction of the hardness difference between ferrite and martensite
Hardness of ferrite
Solid solution strengthening (e.g. Si)
Precipitation strengthening (e.g. Nb, Ti, V)
Grain refinement
Hardness of martensite 
Alloying concept (e.g. C, Mn)
Tempering
Introduction of a third phase: bainite
Reduction of microstructure banding
Improving formability in steels for the automotive industry
8Workshop on Steel Science, Madrid 2014, M. Bechtold et al.
Alloying concept 1: Reduction of C, addition of Si
Silicon increases strength of ferrite without promoting significant banding
Silicon has (up to ~ 2 wt.%) little effect on ductility
Silicon suppresses the formation of carbides
 Addition of Si allows to reduce elements that are harmful to hole expansion, e.g. carbon
Results: Enhancing hole expansion in DP steels
Steel C Mn Si Cr+Mo Nb+Ti+V+B
DP600-0.1Si 0.15 1.5 0.1 0.65 -
DP600-0.6Si 0.10 1.5 0.6 0.35 -
DP800-0.2Si 0.15 2.0 0.2 0.35 -
DP800-0.6Si 0.10 2.0 0.6 0.35 >0.02
YS TS TE n-value HER
DP600-0.1Si 381 650 21.0 0.15 54
DP600-0.6Si 372 630 24.7 0.18 67
DP800-0.2Si 510 830 15.8 0.12 22
DP800-0.6Si 501 803 18.0 0.12 38
Material: Hot dip galvanized steel, industrial trials, DP600: 1 mm, DP 800: 1,5 mm 
Improving formability in steels for the automotive industry
9Workshop on Steel Science, Madrid 2014, M. Bechtold et al.
Results: Enhancing hole expansion in DP steels
650 MPa 630 MPa
830 MPa 803 MPa
DP600 - 0.1 Si DP600 - 0.6 Si
DP800 - 0.2 Si DP800 - 0.6 Si
Reduced banding 
in high-Si steels
Increased 
granular bainite 
fraction (10-20%) 
due to lower C 
content
Slightly larger 
grain size in 
low-C steels
Improving formability in steels for the automotive industry
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Enhancing hole expansion in DP steels
Steel C Mn Si Cr+Mo Nb+Ti+V+B
DP800-15C 0.15 2.0 0.25 0.35 -
DP800-10C 0.10 1.5 0.25 0.35 >0.01
Alloying concept 2: Reduction of C and Mn, microalloying
C and Mn are austenite stabilizing elements 
 partition into austenite
 increase strength of martensite 
 increase hardness difference between ferrite and martensite
Microalloying: precipitation strengthening of ferrite
A80
15.0%
A80
9.4% (!)
Material: Hot dip galvanized steel, industrial trial, 1 mm 
Improving formability in steels for the automotive industry
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Enhancing hole expansion in DP steels
DP800-15C DP800-10C
Alloying concept 2: Reduction of C and Mn, microalloying
DP800-15C: strong banding
DP800-10C: less banding, higher granular bainite fraction 
(~ 30 % vs. 15 %), larger grain size
Improving formability in steels for the automotive industry
12Workshop on Steel Science, Madrid 2014, M. Bechtold et al.
Enhancing hole expansion in DP steels
polished area
DP800-15C DP800-10C
DP800-15C: mainly brittle failure
DP800-10C: necking occurs before failure
Total elongation is lower in 10C! (9.4% vs. 15.0%) 
Alloying concept 2: Reduction of C and Mn, microalloying
Improving formability in steels for the automotive industry
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Enhancing hole expansion in DP steels
Larger martensite particles, stronger banding in 15C  larger voids that easily coalesce 
and exert strong notch effect
Smaller martensite particles, higher bainite fraction in 10C  voids are smaller and more 
numerous
Alloying concept 2: Reduction of C and Mn, microalloying
DP800-15C DP800-10C
Improving formability in steels for the automotive industry
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Enhancing hole expansion in DP steels
Alloying concept 2: Reduction of C and Mn, microalloying
Side effect: weldability
Laser welding (YAG)
3000 W, 8 m/min
welding inside plate (no joining) to 
study microstructure evolution and 
hardness gradients
Improving formability in steels for the automotive industry
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Enhancing hole expansion in DP steels
Alloying concept 2: Reduction of C and Mn, microalloying
Side effect: weldability
Microstructure evolution does not change, 
being fully martensitic in the weld, bainitic-
martensitic in the HAZ, 
BUT
Hardness increase in the weld is lower in 
DP800-10C  better performance of the 
welded material due to reduced stress 
gradients
Carbon equivalent (formula after IIW)
is reduced:
0.52 in DP800-15C
0.42 in DP800-10C
Improving formability in steels for the automotive industry
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Comparing bainitic and dual-phase steels
20 µm
20 µm
780 CP 
(mainly bainitic)
780 DP 
(ferrite/martensite)
CP: higher yield strength at nearly equal 
tensile strength, lower total elongation
CP: more uniform microstructure in 
terms of dislocation distribution
IQ KAM
Rp0.2
L / T
Rm
L / T
A80
L / T
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Comparing bainitic and dual-phase steels
RD
RD
CP: higher hole expansion ratio
CP: higher bending angle and almost no anisotropy
Advantages of DP steels:
low elastic limit  no yield point elongation
high strain hardening rate  high resistance to local thinning
high total elongation  higher safety margin before failure
HER
Bending angle
perp./par.
Improving formability in steels for the automotive industry
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Conclusions
Two alloying concepts were introduced to improve the formability, in particular the hole 
expandability, of DP steels
Higher Si content at lower C content
Lower C, Mn content at higher Nb content
The decisive parameters in this study
were not
Grain size, total elongation, yield strength, tensile strength
were
Homogeneity of the microstructure (reduced banding)
Introduction of a certain (granular) bainite fraction (~10-20%)
Smaller martensite particle size
In terms of edge crack sensitivity, bainitic steel grades have strong advantages over DP steels, 
but offer less strain hardening capacity and total elongation, which makes them more prone to 
local thinning and failure in comparison to DP steels in stretch-forming operations.
Reduction of hardness difference 
between ferrite and martensite
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Advanced Rail Steels: Development of carbide-free bainitic rail 
steels by means of water spray controlled cooling 
J. Arancón 
Modern railway systems are subject to intense use conditions such as high-speed 
trains and very high axle loads. There are many criteria which determine the 
suitability of a steel for specific rail track applications to ensure its structural integrity. 
In addition, railway authorities desire rails with optimized Life Cycle Costs  
The traditional approach for the development of new rail steels to address wear and 
rolling contact fatigue has been to increase steel hardness. This increase has been 
achieved over the past 40 years through the use of alloying elements such as Cr, Nb 
or V. Also an alternative in the last two decades to increase wear resistance and 
decrease alloy content has been the use of accelerated cooling of eutectoid grades 
and, more recently, hypereutectoid perlitic steels. However, these approaches to 
increase the hardness of perlitic steels may be reaching its limits without 
compromising other properties. Consequently, the development of a new rail steel 
grade for the most modern cooling process at ArcelorMittal (water spray controlled 
cooling) has been focused on engineering the metallurgical microstructure. Carbide-
free Bainitic steels have been considered as candidate materials for heavy-duty rails 
in curves and railway-crossings to decrease track maintenance. Process and product 
development cycle to obtain these steel grades for modern rail applications is 
presented.  
The steel composition of the new carbide-free bainitic steel has been designed 
taking into account the required in-use properties (high wear and rolling contact 
fatigue resistance) as well as the industrial accelerated cooling route. The 
experimental steel grades were obtained in a melting and casting pilot plant. The 
ingots were hot rolled at lab scale and then heat treated in an accelerated cooling 
pilot plant at ArcelorMittal facilities which properly reproduces the industrial cooling 
route. The results were analysed in detail and show that both, microstructure and in-
use properties, meet the design criteria. 
 
 
Fig. 1: ArcelorMittal Asturias. Continuous Head Hardening line for advance long rails 
production. 
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Complex numerical simulations on stainless steel  
J. Post 
The production process of precision metal parts at Philips are multi-step (14 steps) 
forming processes followed by  heat treatments and finishing operations. The entire 
production process is evaluated using numerical simulation and data transfer of 
internal variables is crucial in these simulations. Within a local software environment 
this data transfer is successfully solved using a section file concept implemented in 
MSC MARC. This concept can easily be combined  with a commercial software 
environment but needs standardisation, both in terms of the flexibility in boundary 
conditions definition for the next step and the transfer of position dependent internal 
variables. 
Process simulations can help to reduce the development time. This helps minimizing 
the empirical research needed. However, these simulations require reliable 
constitutive models. Therefore, the aim of the PressPerfect project is to develop and 
integrate robust constitutive models, combined with models of phase transformation, 
aging and surface treatment. These can be used to optimize the complex 
manufacturing chain of high-precision metal parts from steelmaking towards end-
user requirements.  
 
 
 
Fig. 1: The PressPerfect Project team. 
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Thermodynamics and Kinetics of a Fe-C-Mn alloy: Constant pearlite 
vs Divergent pearlite 
M.M.Aranda1, R.Rementeria1, R.E. Hackenberg2, E. Urones-Garrote3, C.Capdevila1, C. García de 
Andrés1 
1Materalia Research Group, Department of Physical Metallurgy, Centro Nacional de Investigaciones  
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2Materials Science and Technology Division, Los Alamos National Laboratory, Los Alamos, USA.  
3Centro Nacional de Microscopía (CNME), Universidad Complutense, Av. Complutense s/n, Madrid, 
Spain. 
 
The goal of this work is to study the kinetic mechanisms and thermodynamic aspects 
of pearlite transformation in a Fe-0.6C-9Mn alloy. We will focus on to find a 
thermodynamic explanation for divergent pearlite. 
Morphological pearlitic features as well as austenite/pearlite composition interface 
were study in order to obtain kinetic and thermodynamic information on this 
transformation. 
Pearlite formed in  γ + α +θ phase field region and α+ θ phase field region (Figure 1) 
was studied and the interface composition profiles were analyzed by means of 
analytical scanning transmission electron microscopy combined with energy 
dispersive spectroscopy (STEM-EDS). Experimental measurements were compared 
with theoretical values obtained by Thermocalc software in order to obtain depth 
knowledge about the main mechanism when pearlitic reaction takes place. 
  
a) b) 
Figure 1. Isothermal section at a) 600°C and b) 450°C for the studied alloy. Blue 
lines are related to no-partition lines and black doted lines represent the γ/ γ + α and 
the γ/ γ + θ extrapolated lines. 
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The goal of this work is to study  the kinetic mechanisms and thermodynamic aspects of pearlite 
transformation in a Fe-0.6C-9Mn  alloy. We will focus on to find a thermodynamic explanation for 
divergent pearlite. 
Morphological  pearlitic features  as well as austenite/pearlite  composition interface were study in 
order to obtain kinetic and thermodynamic information. 
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γ/α and γ/θ interfaces composition 
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STEM results show that Mn gradient at 
the γ/α and γ/ θ interfaces increases 
with time at 600ºC 
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CONCLUSIONS 
Decomposition of austenite in partition pearlite, and divergent/constant pearlite have 
been illustrated in the Fe-0.6C-9Mn system. 
 
 The Mn distribution between ferrite and cementite reveals that full equilibrium (EQ) 
is reached after 18h at 600ºC. Mn composition increases in cementite and in ferrite 
and neither gowth rate or interlamellar spacing remain constant in time, which 
reveals the non-steady-state conditions for pearlite growth at 600 ºC. This is an 
example of divergent pearlite. 
 The Mn distribution between ferrite and cementite at 450 ºC lead to a Mn gradient 
at the γ/α and γ/ θ interfaces that remain constant in time. Growth rate and 
interlamellar spacing remain constant during pearlite transformation for constant 
pearlite, i.e., growth under steady-state conditions at 450 ºC. This is an example of 
constant pearlite. 
 
 
FUTURE WORK 
Study the constant and divergent pearlite for a Fe-C-Mn-Al system. 
What is about the AL in this alloy? Some differences bewteen pearlite from 
Fe-C-Mn-Al and Fe-C-Mn systems? 
 
What is about carbon? 
 
Atom Probe Tomography 
 
FE-EPMA (ﬁeld-emission electron probe microanalyzer) 
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